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FOREWORD 


This  la  the  summary  final  raport  submitted  in  partial  fulfillment  of 
Contract  A F  04 (611) -10 78S.  Tha  program  had  two  Air  Porca  managers, 

Mr.  Richard  Welaa/AFRJPL,  ori finally,  and  Cape.  J.  P.  Ensminger/AFWl  who  latar 
succeeded  hia.  Thla  report  contains  a  nummary  of  major  accomplishments  and  a 
diacuaalon  of  technical  progress  of  Phaaa  II  of  tha  program.  Phoaa  I  of  cha 
program  la  covarad  by  anochar  final  raport ,  AFWPL-TR-66-A ,  and  tha  experimental 
H202  haat-tranafar  work  apannlng  both  phaaaa  ia  praaanead  In  apaclal  raport 
AFRPL-TR-66-263.  Tha  pariod  of  parfoimamea  covarad  by  tha  Phaaa  II  final 
raport  ia  from  Dacambar  IMS  to  July  1M7. 

Tha  Advanced  Propellant  Staged- Combustion  Paaalbllity  Program  waa  con¬ 
ducted  by  the  Advanced  Storable  Engine  Division  of  Liquid  Rocket  Oporatlona, 

Aa ro J a t -Cano rel  Corporatlou,  Sacramento,  California,  under  the  direction  of 
Mr.  R.  Belchel.  Technical  and  managerial  control  waa  providod  by 
Mr.  R.  J.  Punts,  PE,  Project  Manager.  Mr.  t.  G.  Sjogren  waa  thu  Project 
Enginatr. 

Contributors  to  thla  report,  ia  addition  to  thoa#  pored  on  tho  title 
page.  Included  tha  following  Aerojet  perecttnal: 

Hardware  Deal  flu: 

Engine  Transient  Cooling  Characteristics: 

Performance  Analysis: 

Hast. Flux  Analyela: 


Combustion  Stability: 

Cotalyac  Pack  Operation  Analysis: 

11 

-MNfiMttTW.  ■ 

(Thla  pegs  ia  Unclassified) 


C.  V.  Bra  rat  on 

R.  L.  Ewan 
P.  r.  ra rr 

S.  D.  Mercer 
.1.  I.  Ito 

U.  J.  Bailey 
M.  J.  Ditore 
H.  I.  Siegel 
J •  J.  Williams 

D.  A.  NcCallieter 
K.  K.  Wong 

C.  J.  O'Brian 
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In  addle  Ion,  va  would  Ilka  to  aeksovladga  tha  halp  of  Mr.  J.  M.  McCorrdclc 
of  cha  Food  Mach lnary  aad  Chaaleal  Corporation  tor  aupplylag  valuable  technical 
aaalataaea  with  regard  to  catalyata  tor  paroalda  daceapoeltioa. 
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UNCLASSIFIED  ABSTRACT 

The  major  objective  of  this  program  was  the  definition  of  problems  asso¬ 
ciated  with  the  use  of  98X  hydrogen  peroxide  ^202)  *n^  Alu*l*ino-43  in  «  staged- 
combustion  rocket  engine  system.  In  the  cooled  version  of  the  engine  conceived, 
all  of  the  is  used  to  regeneratlvely  cool  e  secondary  combustor  (in  which 

Alumisine-43  io  burned)  before  the  HjOj  passes  through  the  pieburner  catalyst 
pack  and  the  turbine-  Conditions  ssooclsted  with  operating  this  engine  cycle 
that  require  Investigation  are  (1)  the  ability  of  HjOj  to  cool  the  si'condery 
combustor,  (2)  Integrity  of  the  catalyst  (activity,  durability)  »c  higher 
temperature,  (3)  heat-transfer  characteristics  of  98  X  peroxide,  and  (4)  the 
effect  that  thermal  decomposition  of  H,0j  vapor  may  have  on  the  engine  design. 

The  program  wee  divided  into  two  phases.  Phase  I  (of  six  months  duration) 
consiste-*  of  design  and  analyaia,  94X  HjOj  experimental  technology,  and  critical 
hardware  procurement  for  Phase  II.  This  phase  of  the  contract  wee  conducted 
from  June  to  December  1965.  The  reeulta  of  Phase  I  indicated  thet  98X  H.,0, 
would  be  a  satisfactory  coolant  and  oxldlsar  for  an  Alumla ins- fueled  engine. 

Phase  II  was  initiated  immediately  following  the  conclusion  of  Phase  1 
end  consisted  of  a  series  of  ».0,i/00-lbf  preburner  end  ataged-combuaclon  evalu¬ 
ation  testa.  The  Phase  IT  technical  achievements  Included  the  completion  of  s 
HjOj  experimental  haet-tranafar  program,  a  preburnar  teat  program,  and  a  staged- 
cotcbust ion  cast  program.  Satisfactory  operation  of  a  90X  HjOj,  preburnar  was 
demonstrated  at  throughputs  from  48  to  108.2  palm  for  two  catalyst  configura¬ 
tions.  Staged  combustion  at  3000  pals  with  98X  HjCyAlumialne-43  was  demon¬ 
strated  satisfactorily  with  two  secondary  injector  concepts.  Hast- transfer 
data  on  critical  areas  of  the  chamber  and  throat  were  obtained.  The  experimental 
performance  of  the  propellent  combination  was  determined  over  a  range  of  mixture 
ratios  with  two  different  L*  chambers.  The  performance  of  90Z  H^/Alumiiine-Al 
was  determined  end  compared  to  the  982  H202/Aluml»ine-43  propellant  combination. 
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SECTION  I 
INTRODUCTION 

A.  PROCRAM  DESCRIPTION  AND  RACKS ROUND 

(U)  Hlgh-chaabar-praeeuro  liquid  rocket  aaginee  Incorporating  tha 

etaged-cenbuetlen  cycle  and  uaiag  storable  liquid  propellants  auch  aa  and 
502  UDMH-JOX  hydraalna  havn  baan  under  avaluation  for  eon t  tins.  Mlaalon  and 
grovth-potsntlal  atudlaa  iadlcatad  that  tha  performance  of  thla  angina  ayatam 
can  be  lncraaaad  aignlflcaatly  by  uaiag  ac  propellents  gal lad  nixturaa  of 
hydraalna  and  aluminum  powdar  with  althar  N^O^  or  98X  H^Oj  aa  tha  oxldiaar. 
further  atudlaa  iodleacad  that  H^Oj  provides  algalf leant  advaatagaa  over  N^O^, 
bacauaa  H^Oj  raqulraa  only  a  monopvopellent  praburnar  (which  raducoa  tha 
complexity  of  tha  propulalon  ayataa);  provide*  "on-board"  Ufa  aupport  and 
aubayataa  capability;  and  offara  tha  poaaiblllty  of  furthar  performance 
incraaaaa  through  tha  uaa  of  gallad  mixtures  of  hydraalna  with  barylllua  powdar 
or  light  natal  hydrldaa. 

(U)  In  thla  advanced  angina  system,  all  of  tha  la  daconpoaad  whan 

paaalng  through  a  praburnar  catalyat  bad;  tha  dacoa^oaad  HjOj  la  a  hot  gaa 
(oxygen  and  ataan)  that  la  capabla  of  driving  a  turbine  to  drive  the  fuel  and 
orldlxer  turbopuapa.  Tha  turbine  anhauat  than  paaaaa  through  a  aacondary 
Injector  where  tha  fuel  la  added  te  ba  burned  In  tha  coabuation  chanber.  Tha 
engine  ayataa  nay  or  nay  not  ba  cooled ,  depending  on  daelgn  requirement* *  In 
tha  cooled  version,  tha  H^Oj  flrat  paaaaa  through  tha  coolant  jacket  of  the 
coabuation  chanbar  befera  entering  into  the  praburnar  catalyat  bad.  Othar 
cooled  variations  ere  poealble  (a.g. ,  parallel  flow  clrc.ulta  tot  tha  coolant 
jacket  end  che  preburner).  In  the  uncoolad  version,  a  tungsten-lined ,  graphite 
heet-elnk  chanber  would  be  uaad  for  the  coabuetor. 

(U)  The  coabinud  use  of  end  metsliaed  propellents  In  a  high-pressuri 

staged-combuetion  engine  eyeten  required  further  developaant  in  various  areas  of 
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I,  A,  Program  Description  arid  Background  (cone.) 

technology:  a  high-tsmperature  catalyse  bad  f or  tha  decomposition  of  93X  H^Oj 
had  to  ba  developed;  tha  ability  to  bum  mctaliied  propellants  and  to  realise 
high  parforaanca  afflclancy  had  to  ba  demonstrated;  and  tha  faaalblllty  of 
absorbing  anticipated  high  haat  fluxee  is  tha  combustion  chaabar  had  to  ba 
as tab llshad.  An  exploratory  development  program,  divided  into  two  phaaaa,  was 
therefore  Initiated  at  Aerojet-General  Corporation  uador  tho  direction  of  eho 
Air  Force  Rocket  Propulsion  Laboratory.  Bdwarda  APB,  California.  Organisation 
and  task  structure  of  this  progran  sra  shown  in  Plgura  1. 

(U)  Phasa  X  vaa  primarily  cone  a  mad  with  the  evaluation  of  as  a 

prospsctlvo  oxidisar  and  with  a  comparison  of  probleaa  associated  with  tho  use 
of  H202  or  At  the  conduaion  of  Phaaa  1,  it  waa  datarminsd  that  (1)  H^Oj 

can  be  uaad  as  a  regenerative  coolant  for  a  high-prasaure  rocket  angina, 

(2)  tha  proapactlve  natarlala  of  construction  for  such  an  angina  era  compatible 
with  98X  H2o2  having  a  temperature  aa  high  aa  2?0*P,  and  (3)  an  expmrlanntnl 
high-temparature  catalyat,  under  atudy  at  Food  Machinery  and  Chemical  Corporation 
(FMC)  la  acceptable  for  use  in  tha  prabumar.  Tha  technical  affort  during 
Phasa  1  la  eummarlsed  in  Raf.  1. 

B.  STATEMENT  OP  MORE  FOR  PHASE  IX 

i.  frBYmivOttt-ixMiiw  ftadimt 

(U)  Convective  haat-tranafer  axparimanta  warn  to  be  performed  to 

evaluate  tha  affect  of  tuba  material,  velocity,  heat  flux,  operating  pressure, 
and  other  parameters  on  tha  regenerative  cooling  characteristics  of  98X  H^Oj. 
Taste  wars  to  be  conducted  to  evaluate  tha  repeatability  of  taat  data  and  to 
determine  tha  affect  of  duration  on  tha  heat-transfer  characteristics  of 
9&X  H2°2’  LonS~duratlon  teats  ware  to  ba  conducted  for  durations  up  to  10  min 
of  cumulative  running  time  to  determine  possible  changes  in  tha  cooling 
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capability  of  9Pt  er  a  function  of  time.  The  a  a  taara  ware  to  be  oparatad 

at  various  levelu  of  baat  Input,  covering  tha  range  of  approximately  55  to  80Z 
of  tha  short-duration  burnout  hast  flux.  Inc on a 1  718  was  to  ba  used  for  tha 
Cuba  Cast  auctions  except  In  thoaa  tasta  In  which  tuba  aatarlal  waa  to  he 
evaluated.  Mata rial  evaluation  raats  vara  to  ba  conducted  with  Tyva  347 
•taii.laaa  ataal. 

(U)  tha  transient  cooling  requirement*  for  atart,  shutdown,  and 

ractart  of  a  charactorlatlc  H^Oj  cooled  uogtno  ware  to  ba  evaluated  to  obtain 
design  criteria  and  Identify  potential  problem  araaa. 


OJ)  Testa  were  to  bo  conducted  with  a  prabumer  consonant  using 

98Z  EjOj  sa  a  aonopr opal lent.  Catalyst  bade  of  two  different  throughput 
(hjOj  load)  couflgutatlona  ware  to  bo  evaluated  during  this  phase  of  tha 
prograa,  and  an  evaluation  sue  to  ba  aada  of  tha  resultant  decomposition  gas 
temperature*.  Satisfactory  oparation  of  tha  prsburnat  anseably  waa  to  ba 
demonstrated  at  a  chaabar  pressure  of  approxl*witaly  4000  pain  as  a  pralude  to 
Taak  III.  Tha  p re  burner  wai  re  ba  alaad  to  permit  passage  cf  tha  total  oxldlxer 
flow  required  for  a  thrust  chaabar  assembly  with  a  thrust  of  epproxlv jtaly 
20,000  lb  at  aaa  laval. 


(U)  S  cap ad-combus t Ion  taat*  wara  to  ba  conducted  at  approximately 

20,000  U-f.  All  tasting  was  to  ba  conducted  at  approximately  3000-pals  chamber 
yrnsdur*  in  the  secondary  combustion  chaabar,  A  stationary  pressure  dropping 
device  vies  to  ba  .  installed  batwaan  tha  praburnar  and  secondary  combustor  to 
create  a  praiisurc  drop.  Tha  taonopr.ipclleuc  praburnar  from  Taak.  II  v«s  to 
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>'■#  used  to  generate  decomposed  gas  aa  tha  ostidissr  for  cha  secondary 

combustor.  Tha  fuel  for  tha  secondary  combustor  was  tq  be  Alumisins-43  con¬ 
forming  to  tha  available  military  specification ,  HI1-P-27412.  All  hardware 
was  to  be  uncoolad.  AC  least  two  different  injector  concepts  for  tha  secondary 
combuator  ware  to  be  evaluated.  The  bast  injector  from  this  testing  was  to  be 
used  for  evaluating  the  affect  on  performance  with  a  different  chamber 
length  (L*) .  Date  vara  to  be  obtained  to  evaluate  specific  impulse  and 
combustion  efficiency  performance!  specific  Impulse  efficiency  of  at  least  87X 
of  theoretical  was  a  program  goal.  The  assembly  was  to  be  instrumented  with 
high-frequency  transducers  sod  tamparntura  probes  to  evaluate  combustion 
stability  end  heat  flux  characteristics,  raapectivsly. 

C.  SUMMARY  Of  ACCOMPLI SbOCWTS 

1.  l»tf4dd.il«-.HtQt.  Heat- Transfer  Experiments 

(U)  The  detailed  results  of  the  has; "-transfer  teats  conducted 

under  thie  task  ere  reported  in  Ref.  i.  It  we-s  found  that  the  ehort-duretion 
burnout  heat  flux  characteristics  of  98X  HjOj  were  independent  of  operating 
pressure  end  materiel.  However,  the  long-duration  burnout  teste  indicated  that 
tha  allowable  heat  flux,  as  a  function  of  velocity,  muet  be  reduced  to  approxi¬ 
mately  6SX  of  that  obtained  in  ehort-duretion  burnout  teet  .ng.  This  phenomenon 
existed  in  high-pressure  teste,  end  because  of  the  limitations  of  the  teet 
program,  it  wee  not  determined  whether  e  long-duration  burnout  phenomenon  exists 
at  lov  prsssurs. 

0.’)  Tha  transient  cooling  requirements  for  a  rsgsnsratively 

cooled  cheabsr  at  the  100,000-lbf  thrust  level  were  evaluated.  It  wee  deter¬ 
mined  thet  e  potential  transient  cooling  problem  could  salat  during  the  shut¬ 
down  of  such  an  engine,  end  thet  the  required  propellent  phasing  and  flow 
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r.troi  for  this  condition  should  be  studied  to  determine  the  requirements  for 
start,  shutdown,  end  restart.  The  study  indicated  that  the  shutdown  transient 
was  the  most  severe  but  found  that  safe  shutdown  of  such  an  engine  could  be 
accomplished  if  the  Instantaneous  mixture  ratio  for  the  engine  were  allowed 
to  shift  toward  the  oxldlzer-rlch  aide  end  the  turbine  flow  were  controlled 
independently  from  the  Jacket  coolant  flow. 

2.  Teak  II—  Preburner  Evaluation 


(l')  Hlgh-preeaure  decomposition  of  98X  d^O.  demonstrated  over 

a  pressure  range  of  4150  to  4500  pal  with  throughputs  rsnglng  from  48  to 
LOS  psin.  This  wss  accomplished  by  using  two  dlffersnt  sized  cstelyst  packs 
made  from  a  h igh-t amps rat ura  catalyst  Material  (compressed  screen  configuration) 
developed  by  Food  Machinery  end  Chemical  Corporation.  It  waa  found  that 
prediction*  for  tha  catalyst  depth,  which  were  nade  as  s  result  of  ths  subsesls 
catalyst  csst  conductsd  under  Phase  I  of  this  contract,  were  valid.  An  active 
catalyst  depth  of  leas  than  1  In.  successfully  d  composed  all  of  the  at 

the  high  oparatlng  prsssurs.  It  wss  also  found  that  stable  pack  operation 
could  be  achieved  with  relatively  low  praaaure  drop  (approximately  50  pal). 

From  the  temperature  profile  obtained  during  testing,  it  waa  determined  that 
pure  silver  screens  can  be  utilized  at  the  entry  of  the  peck  to  Initiate 
decomposition  without  sxcasslvs  silver  melting.  This  means  that  the  higher 
cost,  high 'temperature  catalyst  can  ba  used  In  snallsr  quantities  than 
previously  anticipated. 

J.  Task  HI — Stagad-Combuatlon  Evaluation 

(C)  Fourteen  high-prassur*  staged-combua tion  testa  wars  conducted 

wlLi.  i:.,02  and  Alimizlne  at  pressures  ranging  from  2650  to  3050  psi  snd  st 
:  l  ratios  ot  0.49  to  0.83  (oxidizer  to  fuel  ratio).  The  desired  program 
in.;o  gou;  of  H7%  of  theoretical  was  exceeded  during  all  valid  tests 
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but  one.  An  1^  efficiency  rang;*  of  from  89  r.o  93X  was  demons traced  for  the 
-.Ixture  ratio  range  studied,  and  the  peak  at  93X  was  achieved  at  a  mixture 
ratio  of  0./2  and  at  a  chamber  pressure  of  3030  paia.  Two  baaic  injector 
oonf igurationa  ware  evaluated.  One  ueed  a  vane  principle  In  which  email  tubas 
were  attached  to  the  trailing  edge  of  Che  vanes,  and  the  second  type  used 
relatively  large  tubes  injecting  the  fuel  axially  into  the  combustion  chamber. 
Performance  information  was  obtained  fro*  all  valid  tasts,  and  haae-flux 
measurements  were  made  to  determine  the  transient  heat-transfer  characteristics 
of  this  propellant  combination.  Tha  performance  evaluation  indicated  that 
performance  efficiency  lncreeaee  with  higher  mlxeure  retlos,  These  deta  con¬ 
firm  analytical  predictions  which  indicated  thee  e  greeter  percentage  of 
theoretical  performance  can  be  achieved  with  mixture  ratios  slightly  above  the 
optimum  theoretical  .Ixture  ratio  value.  Tha  performance  data  from  testa  of 
the  two  Injector  conf igurationa  dearly  demonstrate  that  high  combustion 
efficiency  is  achieved  from  fine  diepereioo  of  the  Alumislna  into  tha  oxldiser- 
rich  gas. 

(U)  The  teste  conducted  comparing  70-in.  L*  with  40-in.  L* 

chambers  tend  to  indicate  chet  higher  combustion  efficitncy  can  be  obtained 
with  the  70-in.  L*  chamber.  However,  two  of  the  three  tests  conducted  with  the 
40-ln.  L*  chamber  were  at  a  lower  mixture  ratio  and  the  injector  pattern  was 
degraded  by  plugging  of  soma  of  the  fuel  injection  tubea.  The  highest  perfor¬ 
mance  achieved  during  all  casting  was  at  a  mixture  ratio  of  0.72  with  a  40-ln. 
L*  chamber.  Adjustments  were  made  in  the  data  of  tha  two  tests  conducted  at 
low  mixture  ratio  In  an  attampt  to  compensate  for  the  maldistribution  of  tha 
propellant.  It  must  be  concluded  from  all  of  the  teste  conducted  that  40-in. 

L*  is  sufficient  to  obtain  high  combustion  etflciency  with  this  propellant 
combination  when  a  high  performance  injector  is  uaad.  There  are  also  indica¬ 
tions  that  leas  L*  la  required  at  a  higher  mixture  ratio  than  at  a  lower 
■mixture  ratio. 
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\ {')  The  measurement*  mad*  of  haat  flux  in  tha  codbuatlcn  chamber 

Indicator  good  agreement  with  Colburn  equation*. 
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(U)  The  performance  characteristics  of  902  H202/Alualilne-4 3  were 

also  evaluated.  It  wet  found  Chet  no  performance  efficiency  degradation  should 
be  anticipated  by  a  drop  In  concentration.  I#  efficiency  -  f  90Z  waa 

demonstrated  using  a  modified  version  of  the  large  tube  Injector. 

D.  ORGANIZATION  OF  REPORT 

(0)  This  report  follova  the  general  outline  of  the  Stateteent  of  Work. 

The  three  major  tasks  were:  engine  transient  cooling  characteristics ,  preburner 
evaluation,  and  ataged-combuation  evaluation.  Each  of  theee  section*  stands 
alone  with  its  own  introduction,  summary,  and  technical  discussing.  The 
conclusions  drawn  from  this  Phase  II  of  the  contract  can  be  found  in  Section  v, 
Recommendations,  baaed  on  the  conclusions,  can  be  found  in  Section  VI  followed 
by  appendixes  end  references. 
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SECTION  II 

ENGINE  TRANSIENT  COOLING  CHARACTERISTICS 

A.  INTRODUCTION  AND  SUMMARY 

(U)  A  high-prsssura  stagsd-combuation  engine  using  and  Alunizine 

as  propellants,  can  b*  designed  to  use  aither  a  cooled  or  uncooled  (heat  sink) 
combustion  chamber.  One  of  rhe  cooled  versions  of  this  engine  would  use  the 
HjOj  as  a  regenerative  coolant.  The  heat-transfer  characteristics  of  982 
HjOj  were  determined  in  Phase  I  of  this  contract.  These  studies  indicated 
that  98Z  HjOj  can  accept  high  heat  fluxes,  and  the  short-duration  burnout 
heat  flux  ia  strictly  i  function  of  coolant  velocity  end  appears  to  be  inde¬ 
pendent  of  the  coolant  static  pressure. 

(U)  Regeneratlvaly  cooled,  high-pressure  combustion  chamber  design 

studies  were  also  made  at  the  100,000-1 bf  thrust  level.  These  studies  indi¬ 
cated  that  such  a  combustion  chamber  would  require  e  thermal  barrier  (coatirg) 
to  separate  the  tube  well  from  the  hot  combustion  gee  and  thus  limit  the  tube 
well  temperature  to  an  acceptable  operating  level.  For  more  Information 
concerning  this  design  and  the  heat-transfer  characteristics  of  H^,  see 
Ref.  1  and  2. 

(U)  Many  liquid  rockat  anginas  hava  been  davc  '.oped  in  which  a  mono- 

propallant  has  bean  used  for  coolant  of  the  conbustlno  chamber.  Transient 
cooling  problems  could  occur  because  of  Improper  propellent  phasing  during 
the  start  and  shutdown  of  the  engine.  Such  problems  exist  for  two  reasons: 

(1)  the  heat  flux  In  the  coabustlon  chamber  during  the  engine  transients  is 
not  dirartly  proportional  to  tha  transient  coolant  velocity,  and  (2)  during 
shutdown,  residual  hast  in  the  cooling  Jacket  can  cams  a  bulk  temperature 
rise  in  Che  coolant  that  can  subsequently  result  in  thermal  decomposition. 
These  probl-wi  are  further  aggravated  by  the  energy  stored  In  the  required 
thermal  barrier. 
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(l.)  The  purpose  of  this  study  was  to  analyze  the  shutdown  trsnsie.it 

of  a  100,000-lbf  engine  combustion  chamber,  operating  at  a  eteudy-etate  pressure 
of  3000  psi,  to  determine  the  propellant  phasing  required  to  eliminate  the 
possibility  of  coolant  tube  failure.  It  was  considered  that  if  the  shutdown 
transient  could  be  accomplished  satisfactorily,  the  etert  end  restart  conditions 
could  alao  be  solved.  To  thla  end,  e  transient  thermal  analysis  of  the  com¬ 
bustion  chaoibsr  was  conductad  to  indicate  feasible  modes  of  engine  shutdown. 

(U)  Two  types  of  analyses  were  conducted  as  part  of  the  shutdown 

investigation.  In  the  first  type,  various  valve  resistance  transients  were 
assumed,  the  engine  flows  and  pressures  were  calculated,  end  the  reoulta  were 
used  for  wall  cooling  analytes  at  the  throat  of  e  thrust  chamber  with  e  thin 
metal-oxide  coating.  The  engine  wee  assumed  to  have  only  simple  reelatence 
valves  In.  the  fuel  end  owidixer  linos.  It  wee  found  that  the  high  thermal 
resistance  of  ths  costing,  which  Is  required  to  meet  steady-state  tube  well 
temperature  limits,  forces  ehe  iteet  flux  to  the  coolant  to  decay  slowly, 
relative  to  the  coolant  flow  decay  as  long  as  the  combustion  gee  recovery 
temperature  remains  high.  As  e  result,  a  severe  tube  wall  burnout  condition 
develops  at  the  shutdown  transient  proceeds.  To  reduce  the  combustion  gas 
temperature,  an  oxldlser  shutdown  delay  vas  used  to  increase  the  secondary 
combustor  mixture  ratio.  However,  it  was  found  that  the  oxldlser  lag  which 
the  postulated  engine  system  can  cccomaaodate  without  excessive  preburner  pres¬ 
sure  and  turbine  speed  during  shutdown  is  not  sufficient  to  sllmincre  the 
burnout  problem.  It  became  apparent  chat  the  simplified  engine  control  system 
would  not  produce  the  proper  flow  concroi  for  a  safe  engine  shutdown.  However, 
a  modified  control  system,  in  which  the  turbine  flow  end  coolant  flew  are 
independently  controlled,  should  satisfy  the  requirements  for  the  shutdown 
transient.  The  flow  requirements  for  such  a  control  system  were  evaluated  in 
tiio  second  parr  of  the  *c.udy.  This  investigation  wau  orirntad  toward  estab- 
■  '■  Li  the  r.i :<ture  ratio  transient  required  to  solve  the  burnout  problem. 
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For  this  purpose  a  typical  pressure  decay  tranaiant  vat  assumed  on  the  basis 
of  the  previous  syatem  atudlaa  without  oxidiaar  shutdown  lag.  A  mixture  ratio 
transient  reaching  15  (oxidiaar  to  fuel)  in  0.5  sac  vse  found  which  yields 
decreasing  wall  tawparoture?  and  no  degradation  of  tha  burnout  margin  during 
the  shutdown  for  tha  chin  coating.  In  addition,  tha  coating  surface  tampera- 
tura  dacay  was  auch  that  a  critical  taaparaturo-mixtura  ratio  combination 
•exist*  for  only  0.1  ssc.  Tharafort,  tha  praacribad  transient  will  causa 
little  or  no  erosion  and/or  oxidation  of  eha  coating. 

(U)  Pralimiiury  analysis  of  a  tungstan-coatad  (thick  coating)  tuba  wall 

revealed  that  tha  increased  hast  capacity  of  this  coating  significantly 
aggravataa  tha  shutdown  burnout  problaa,  thus  dictating  that  a  fsstar  increase 
in  tha  aacondary  combustion  mixture  ratio  would  be  required  than  that  needed 
for  the  chin  coating. 

B.  TECHNICAL  DISCUSSION 

(U)  Tha  shutdown  tranaiant  analysis  was  accomplished  in  two  parts: 

angina  flow  enalyala  and  local  chambar  wail  analysis.  Fuel  and  oxldlcar  valve 
realacance  trantlanCa  were  the  forcing  functions  for  the  flow  model,  which 
defines  four  engine  flow  retea:  (1)  the  coolant  or  oxldl.tr  flow,  (2)  the  fuel 
flow,  (3)  the  turbine  flow,  and  (A)  the  aacondary  combustor  flow.  Ac  any 
instant  during  tha  shutdown  transient,  tha  turbine  flow  exceeds  tha  oxidirer 
flow,  and  tha  aacondary  combustor  flow  is  greater  than  L..s  sum  of  turbine  and 
fuel  flowe  because  of  the  praaaure  transients  in  the  preburner  and  secondary 
combustor.  A  computer  progrem  was  designed  to  determine  these  presaure  transients, 
as  well  as  tha  turbine  speed,  using  backward  time  differences  to  represent  the 
differential  equations  involving  these  variables.  The  resulting  engine  System 
equations  wars  solved  Iteratively  at  each  time  step  using  an  oucer  Iteration 
loop  which  adjusts  the  two  pressures  simultaneously  and  an  inner  iteration  loop 
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to  determine  the  fuel  flow  rate.  Detsllt  of  the  engine  system  model  ar*  given 
in  Appendix  I,  Section  A,  and  tha  computer  program  la  desetibod  in  Appendix  I, 
Section  B. 

(U)  The  reaulta  of  Che  engine  flow  analyaie  v»re  u»ed  aa  Che  input  to 

a  local-chamber-vall  computer  program.  Analyei*  of  local  tube  well  end  coating 
temperatures  and  heat  fluxes  wee  based  on  an  approximate  integral  taathod  of 
solution  of  the  corresponding  one-dimensional  conduction  equation*.  Quadratic 
temperature  distributions  with  tisia-dependent  coefficients  were  eaeumed  in  both 
tha  tube  wall  and  coating.  The  resulting  transient  energy  balances  ware 
written  in  tame  of  the  average  coating  and  tube  well  temperaturee  (see 
Appendix  I,  Section  C).  However,  solution  of  theaa  equation*^,  coupled 
with  the  assumed  temperature  dletributiona,  provided  transient  temperatures  and 
heat  fluxes  acroea  the  chamber  wall  at  a  given  axial  position.  In  this  study, 
only  the  throat  wma  evaluated  because  the  moat  severe  heating  condition  exists 
lr.  this  area. 

(U)  Figure  2  shows  schematically  the  interrelation  of  the  parte  of  the 

analyaie  and  the  evaluation  of  shutdown  criteria  from  them.  Two  local  thrust 

chamber  criteria  wore  satisfied  in  detail  in  this  Investigations  the  costing- 

tube  wall  interfaca  tempsrature  munt  not  axeted  its  steady-state  value,  and 

(2) 

burnout- heat -flux  ratio  must  not  exeaad  its  steady-state  valua.  Aa  notad 
In  Figure  2,  two  additional  criteria  must  alto  be  considered.  First,  the 
combustion  chamber  mixture  ratio  must  be  correlated  with  the  coating  surface 
temperature  so  that  erosion  or  oxidation  of  the  coating  i*  negligible.  Because 
tills  criterion  cannot  be  specified  in  detail  at  tills  rime,  the  Investigation 

(1)  Again  the  implicit  backward  dlfferar.ee  method  was  uti«d,  as  described  In 
Appendix  1,  Section  0. 

(2)  Buinout-hent-f lux  ratio  la  defined  se  the  predicted  heat  flux  divided  by 
the  heat  flux  at  which  tuba  burnthrough  will  occur  under  the  existing 
Clow  conditions. 
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soughc  to  minimi**  the  costing  aurfacw  temperature  for  aixture  ratio*  above 
stoichiometric.  Second,  Che  coolant  bulk  teaperaeurs  must  not  exceed  approxi¬ 
mately  270*F  in  order  to  prevent  thermal  decomposition  of  the  H^Oj.  Thia 
requirement  was  not  evaluated  explicitly,  becauee  it  la  eo  doaely  related  to 
the  burnout  criterion.  Inasmuch  aa  the  burnout-hMt-flux  ratio  and  the  bulk 
temperature  rlee  are  both  controlled  by  the  ratio  of  coolant  heat  flux  to 
coolant  velocity,  it  mas  assumed  that  the  there  4  decomposition  criterion  Is 
■st  if  the  burnout  is  satisfied. ^  Section  S  of  Appendix  I  indicates  how  the 
transient  bulk  temperatures  can  be  calculated  for  aa  explicit  evaluation  of 
tha  tharmal  dacompoaltlon  erltarlon. 

(U)  System  limitation#  were  aleo  conaldarad,  becauee  an  increasing 

mixture  ratio  la  the  combustion  chamber  could  result  la  an  lncreaaa  lr. 
turbine  pressure  ratio,  chua  causing  an  increase  la  turbine  speed  and 
correspondingly  an  increase  in  preburnar  pressure.  Several  engine  shutdown 
concepts  were  evaluated,  assuming  various  oxldlaar-  and  r'ual-valve  raolatanca 
transients,  these  eases  clearly  showed  the  Interaction  of  the  various  systea 
components  during  shutdown  and,  particularly,  the  potential  heat-tranefer 
problem  areas  in  tha  secondary  combustor  during  the  shutdown  transient. 

(U)  two  chamber  designs,  one  with  a  thin  astal-oxlda  coating  nnd  one 

with  •  thick  tungaten  coating,  wars  considered  In  the  anelyeie  of  shutdown 
transience.  A  satisfactory  eecondary-coahuetor  flow  tranalant  has  been 
determined  for  e  thin  (-0.0?0-ln. -thick)  coating,  but  the  more  complex  problem 
of  a  thick  tungsten  costing  (with  a  higher  hast  capacity)  wae  not  thoroughly 
analysed. 

(U)  The  engine  flow  system  end  chamber-well  enelyses  conducted  during 

this  contract  are  discussed  In  the  following  paragraphs. 

(I)  This  consideration  also  permitted  use  of  stsady-etsta  bulk  temperatures 
js  a  good  approximation  lr.  the  local  chamber-wall  analysis. 
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1 .  Engine  Flow  Svat.«a  Analvala 

(u;  Th*  computer  program  vu  ut*d  to  avoluoto  several  angina 

(low  condition*.  la  each  c**a  studied,  IS  wo*  caaiamd  that  shutdown  i* 
complat*  whan  tha  praaaura  la  th*  conduction  chanhar  deer* a* a*  to  10X  of  th* 
I'taady-stet*  value.  Thla  assumption  waa  necessary  to  anaura  that  th*  calcu- 
larad  transient*  do  net  approach  aaro  and  lr,  vail  data  tha  ayatoa  aquation*. 

(U)  Although  Many  tranaianta  haw*  oaan  1  .vaatigatad,  only  two 

caaaa  ar*  diacuaiad  in  datall  in  thla  report,  because  they  clearly  show  th* 
ayatao  response  during  shutdown  and  because  they  define  the  problem  areas.  In 
ch*  flrat  case,  both  valve*  war*  closed  almultanaoujiy  in  0.5  aec;  in  the 
second  case,  the  closing  of  tha  oxidlaar  valve  was  delayed  0.10  aec,  but  both 
valves  were  still  dread  by  C.5  aac.  Tha  valv*  resistance  tranaianta  for 
both  cases  are  shown  in  Figure  3.  la  cause  resistance  was  specified  a*  a 
ratio  of  values  during  tha  transient  to  values  during  steady  state,  tha  sssm 
ratio  waa  applicable  to  both  the  fuel  end  th*  oxidlsar  valve  in  the  flrat  caae 
cone id* rad. 

(U)  Tha  raaulta  of  closing  both  valves  simultaneously  ere  shewn 

in  Figure*  A  and  5.  Figure  4  ahowa  tha  resulting  flow-system  tranaianta.  A* 
will  be  noted,  tha  transients  appear  reasonable,  and  th*  mlxture-ratlc  excur¬ 
sion  in  th*  secondary  combustor  has  been  confined  to  a  narrow  region  between 
1.0  and  1.76,  which  le  consistent  with  the  coating  erosion  criterion.  Of 
particular  interest  la  the  feet  that  very  little  departure  from  steady  state 
occurs  until  about  0.15  aec;  at  thin  tiM,  the  resistance  of  the  valves 
lncrea***  by  a  factor  of  10.  Th*  assumed  initial  valve  resistances  w*r*  very 
am. ti  compared  to  thoaa  of  th*  total  system  and  thus  a  large  cltaugu  Was 
u-quirsd  to  affact  th*  flow  *y»t*tn. 
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Figure  5.  Advanced  Staged-Cowto cation  Engine  Chataber  Wall  Shutdown 
Tranaient— Both  Valve*  Cloaed  Simultaneously  in  0.5  sac 
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( ’ )  Figure  5  show*  eh*  Lharmal  response  of  the  s^condsry- 

combu9tar  wall  (at  the  tdrost)  with  the  thin  oxide  coating.  The  plot  of  well 
teirperacuree  Indicates  thet  the  coolant-aide  well  temperature  (T^)  epp  roaches 
iSOO’f,  which  could  produce  H^O,.  decomposition;  the  temperature  of  the 
coating  (T^)  dacreasos  eatlefec.torlly  end  the  temperature  at  the  Interface 
betmtan  coating  and  tube  (Interface  temperature,  T^)  remain  )  almoat  conacant. 
Another  parameter  of  .Interest  wee  the  combustion  chamber  burnout  safety  factor 
(Figure  i,  Plot  B).  It  con  bo  aeon  from  the  curve  that  a  tuba  burnout  In 
predict  i  although  the  inside  heat  flux  (to  tha  coolant)  appaare  tc  bo 
dropping  satisfactorily.  The  term  '’safety  factor"  It  defined  ae  the  ratio 
of  foe  transient  burnout-hear.-flux  retlo  normalised  to  the  steady-state 
burnout-haet-f lux  ratio. 

(U)  Although  the  above  valve  resistance  tranalanta  ere  satis¬ 

factory  for  the  flow  system,  the  coiebuatlon  chamber  would  fail  bacauae  of  tha 
burnout  phenomenon.  Because  of  the  high  chancel  resistance  of  the  coated  wall 
relative  to  Che  gas-alda  and  Uquld-.vlde  convection  resistencea,  tha  haat 
flux  to  the  coolant  decreased  at  e  much  slower  rate  than  tha  coolant  flow. 

This  car.  bo  sleeted  by  lncraaotng  the  mixture  ratio  aarly  In  tha  shutdown 
transient  until  tha  combustion-gar  recovery  temperature  la  raduced.  Th* 
mixture  ratio  la  increased  by  simply  discontinuing  fuel  flow  and  continuing 
oxidizer  flow  (oxidlser  lsg  on  anutdwwu). 

(U)  Ae  indicated  ebeve,  the  caaa  selected  fur  discussion  Is  one 

in  which  the  oxidlser  valve  lu  delayed  0.1  sec  and  both  valve*  are  clo*ud  at 
O.b  sec.  The  valve  reaiutances  durirg  the  transitnt  for  this  case  are  also 
shown  in  Figurr  3.  Figure  6  shows  the  engine  flov-sysce*  response  to  this 
t ran* lent .  It  should  be  uctad  that  the  oxidlser  flow,  preburner  pressure, 
and  turbine  speed  Increase  above  their  stsady-etate  value*  during  shutdown, 
"hlu  abnormality  was  caused  by  the  feet  thet,  In  the  flow  system  considered, 
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Advanced  Staged«Combuotion  Lnglne  Flov  gyetem  Shutdown 
Tr«nslont--0.  l-sec  Oxidizer  Delay,  Roth  Valves  Closed 
at  0.5  see 
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jll  the  oxidizer  pastes  through  Che  curbine.  Thu*,  tincc  the  work  required 
lo  drive  cha  fuel  pump  Is  reduced  with  decreasing  fuel  flow,  the  turbine 
tends  to  overspeed  and  pumps  nor*  oxidizer  at  a  higher  outlet  pressure.  It 
was  therefore  decided  to  confine  both  turbine  ovarspeed  and  excess  cuamber 
pressures  to  no  more  than  10X  of  their  steady-* cate  values.  The  particular 
cats  evaluated,  in  which  oxidiser  flow  is  delayed  0.1  tec,  very  closely 
approaches  Chase  limits  and  1*  dlscuaaed  to  ahow  the  maximum  effect  on  the 
assumed  flow  system  that  can  be  produced  by  valve  aequenclng.  Modifications 
of  the  system  hydraulics  ara  possible  to  permit  bypass  control,  but  such 
variations  war*  not  evaluated. 
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(U)  The  thermal  response  of  the  chamber  wall  Cor  the  oxidizer  lag 

case  Is  shown  In  Figure  7.  It  should  be  noted  that  wall  temperature*  and 
safety  margin*  are  satisfactory  ixitll  midway  through  the  transient.  A  further 
shift  to  higher  mixture  ratios  is  necessary  to  control  tho  remainder  of  the 
transient. 


(U)  No  modifications  to  tho  flow  system  have  been  investigated 

because  the  primary  object lva  of  this  study  vas  an  Investigation  of  the 
thermal  aspect*  of  engine  shutdown.  Subsequent  effort  was  concentrated  on 
specifying  a  satisfactory  shutdown  transient  purely  on  the  bests  of  heat- 
trausfer  characteristics  of  the  coidbusr.lon  chamber.  This  transient,  in  turn, 
may  be  usad  as  a  gulda  to  determine  the  flow-system  modifications  chat  are 
required  to  achieve  a  aatisfactory  shutdown. 

(U)  Two  approaches  to  the  thermal-barrier  problem  were  evaluated. 

The  first,  Included  In  the  Initial  shutdown  calculations,  considered  a  mixture 
of  metal  end  mecal  oxide*  with  low  thermal  conductivity.  Inasmuch  as  a 
coating  with  a  specified  thermal  resistance  is  required  to  satisfy  the 
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figure  7.  Advanced  Staged-Combuatlcn  Engine  Chamber  Wall  Shutdown 
Transient— Q.’-iseo  Oxidizer  Ifclfly,  Both  Valve::  Closed 
at  0.5  aec 
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steady-;, tuta  cemperature  lfratta'ionr,  of  t ha  tub*  wall,  chi*  Chennai  barrier 
la  quite' thin  and  consequently  ha*  a  low  heat  capacity.  The  second  approach 
considered  cha  uae  of  pure  tungsten.  Sine*  tha  thermal  conductivity  of 
tungsten  1*  higher  chan  that  of  cha  oxida  coating,  eh*  tungsten  coating 
must  be  thicker  to  limit  tha  ataady-atata  neat  flux  to  th*  coolant  Jacket. 
Also,  tha  thick  tungsten  coating  iw  a  good  thermal  heat  sink  and  tkua 
increases  the  required  oxldisar  lag  on  shutdown.  The  transient  requirements 
for  the  chin  coating  during  shutdown  wars  determined  first  because  they  may 
be  evaluated  rare  easily  and  served  as  a  guide  fur  the  aora  difficult  task 
of  evaluating  the  thick  tungsten  cue  ting. 

a.  Thin  Crating 

(U)  A  study  vat  nada  to  determine  the  mixture-ratio 

excursion  required  during  th.  shutdown  transient  for  &  chamber  with  a  thin 
coating.  For  purpose*  of  chit  study,  the  aaeuuxd  pressure  transient  was  that 
discussed  earlier  for  the  case  of  clou.';*,  both  valve*  simultaneously. 
Neglecting  tha  energy  stored  in  both  Che  rub*  wall  and  th*  coating,  steady- 
state  equation*  may  be  used  to  predict  will  tamparaturea ,  heat  fluxes,  end 
safety  margins  for  any  a pewwsi  operating  conditions.  Thcaa  quaul-staady 
calculations  were  used  to  obtain  an  .'.nltial  activate  of  the  alxturr  ratio 
excursion  required  fc ’  a  roncti.-  t  normalised  burnout  heat  flux  safety  factor 
of  1.0;  che  resultant  curve  of  mixture  ratio  versus  relative  chamber  pressure 
Is  shown  ir.  Figure  8. 

(U)  A  pertuecrl'-.  study  was  then  conducted  using  the  thermal 

section  of  the  eortqjutnr  program  and  the  assigned  pressure  transient,  using  the 
quasi-:; Ceutiy  calculations  of  Figure  8  as  a  guide.  Thr  final  calculated 
mixture  ratio  transient  at  shutdown,  which  resulted  In  an  essentially  consCant 
burnout  safety  factor  of  1.0,  Is  alto  shown  in  Figure  8.  The  magnitude  of 
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che  mixture-ratio  shift  required  when  changing  from  quaei-stsedy  to  eranalane 
conditions  should  ha  noted;  It  indicates  the  affect  of  the  tube  well  end 
coating  energy  storage. 

(U)  Figure  9  shows  the  required  flow  conditions  during  ehs 

transient  for  ths  combustion  chamber  sa  well  as  a  thermal  response  of  the 
chamber  veil.  The  flow  during  the  transient  (Figure  9.  Plot  A)  Indicates 
that  a  mixture-ratio  excursion  from  1.0  (etaadyetata  condition)  to  e  final 
value  of  IS  la  required  at  the  end  of  the  engine  shutdown.  Aa  indicated 
above,  the  normalised  safety  factor  related  to  burnout  la  essentially  constant 
at  1.0.  Of  particular  lneareat  la  tbs  plot  of  well  temperatures  (Figure  9, 
Plot  B) ,  which  Indicates  that  all  temperatures  are  decreasing  throughout  ths 
transient.  The  surface  temperature  of  the  coating  la  reduced  to  about  3800*P 
se  the  chamber  mixture  ratio  peaeea  through  stoichiometric,  end  rmmelna 
between  2500  end  3800*F  for  only  0.1  sec.  Thus,  the  prescribed  transient 
appears  to  be  satisfactory  end  will  causa  little  or  no  erosion  end/or 
oxidation  of  the  coating. 

b.  Thick.  (Tungsten)  Coat  lug 

W  The  thick  coating  wee  studied  by  using  the  flew  m,n- 

eient  specified  for  the  thin  coating;  the  results  are  shown  In  Figure  10. 

It  will  be  noted  that  thw  chamber  burnout-heat-flux  factor  reachee  a  peak  of 
about  1.6,  which  la  not  acceptable.  The  reason  for  ths  peek  is  shown  cfearly 
In  the  plot  of  Incident  heat  flux  end  heat  flux  td  the  coolant  during  shutdown. 
The  difference  between  ths  two  values  is  the  rate  of  change  of  energy  stored 
in  the  well;  this  energy  Is  absorbed  by  the  coolant  during  ths  transient . 

To  reduce  the  heat  flux  to  ths  coolant,  ths  Incident  flux  to  the  wall  must 
be  reduced  much  earlier  In  the  shutdown;  this  can  be  accomplished  only  by  a 
more  r.ipld  mixture-ratio  excursion  during  ths  transient. 
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(o)  This  study  indicate*  that  a  100,000-lbf  thruat  level 

Ho02  re genera tlvely  cooled  chaebar  with  a  thin  protective  thermal  barrier  can 
be  abut  down  safely  if  peroxide  coolest  flow  la  controlled  Independently  of 
turbine  flow.  However,  the  specie  conditions  for  the  actual  engine  ay  a  tee 
require  further  study  to  accurately  define  ths  control  aye tea  requirements  to 
obtain  safe  shutdown  modes. 
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SECTION  III 
?  REBURNER  EVALUATION 

A.  PROGRAM  OBJECTIVES  AMS  APPROACH 

(U)  Tha  preburoer  evaluation  portion  of  thla  program  had  aa  lta 

principal  objective  tha  demonstration  of  high -proa aura  (4000  pal)  catalytic 
decomposition  of  9BX  HjOj.  Other  objectives  ware  to  evaluate  the  effect  of 
bed  loading  (throughput)^*)  oe  tha  catalyat  behavior  characterlatlca  ouch  aa 
temperature  profile,  stability,  and  preaaure  crop.  Tha  preburner  evaluation 
program  was  to  culminate  In  tha  demonstration  of  a  high-pressure  catalyat 
assembly  capable  of  producing  a  stable  flow  of  homogeneous  hot  oxidlaer  gas 
for  staged  combustion  with  Alumlalne-43. 

(U)  Thla  section  confines  Itself  to  a  discussion  of  the  five  teats  that 

wars  necessary  to  develop  the  preburner.  Preburner  results  obtained  during 
the  eteged-coUbuatlon  evaluation  are  presented  In  Section  IV  of  this  report. 

(U)  Tha  healc  Intent  of  t.ha  overall  program  was  to  demonstrate,  at  a 

thrust  level  of  20,000  lbf,  the  feasibility  of  a  9BX  H^Qj /Alumlalne-43  propel¬ 
lent  system.  The  goal  of  this  portlvu  of  the  program  la  to  provide  a  workable 
preburner  for  subsequent  staged  -combustion  use  to  eld  in  fulfilling  that 
Intent.  With  these  premise*  as  guidalinas  tha  approach  taken  was  to  parfom 
all  the  high-pressure  teste  with  wcoolad,  rugged  hardware  end  eeploy  only 
short-duretloo  tests  to  obtain  tha  desired  data. 

(U)  In  keeping  with  this  philosophy,  hardwars  with  at  least  a  safety 

factor  of  2  was  deslgntd  (Rsf.  1)  and  fabricated.  The  prebumer  design  was 
based  upon  existing  high -taupe recurs  catalyst  technology  and  Incorporated  design 


& 


9 


(4)  Throughput  Is  in  expression  for  flow  race  through  a  cats  lysr.  pack  and  I 

expressed  in  palm:  _ _ pounds  of  peroxide _ 

square  inches  of  catalyst  pack  frontal  area  x  minute*' 
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features  recommended  by  FMC  ^  a^i.-i  canted  on  a  subscitle  bail*  during  Phase  I 
of  cha  contract  (Ref.  I).  It  waa  Cha  intent  of  the  preburnar  program  to  conduct 
a  taat  evaluation  to  Certify,  not  develop,  a  catalyat  material.  Fortuitously , 
the  Age  Catalyst  Company  of  Buffalo,  New  York,  in  conjunction  with  FMC,  had 
developed  the  Ageite  ear tea  of  high-temperature  hydrogen  peroxide  decomposition 
catalyst  materials  prior  to  the  inception  of  this  program.  Therefore,  this 
approach  could  logically  be  taken  and  the  usable  throughput  range  of  the  catalyst 
packs  could  be  and  were  experimentally  determined. 

(U)  In  support  of  the  preburner  evaluation,  certain  supplementary 

engineering  investigation#  were  conducted.  These  included  a  theoretical  evalua¬ 
tion  of  the  probability  of  low-frequency  instability  occurring  ee  e  result  of 
sysceat-coupled  affects,  the  evaluation  of  an  actual  lov-f raquancy  instability 
occurrence  (Taac  1. 2-01- AAC -005),  a  start  transient  and  prabumer  operation 
analysis,  and  analyala  of  catalyat  performance. 

B.  TECHNICAL  DISCUSSION 
1.  Hg^wgre 

a.  General 

(Ul  In  designing  the  preburnar  assembly,  the  governing  philoso¬ 

phy  was  to  deelgn  components  to  obtain  a  maximum  in  operational  flexibility  and 
simplicity.  Alto,  because  the  program  wee  concerned  primarily  with  evaluation 
of  an  advanced  propellent  system,  not  hardware  development,  hardware  ruggednene 
and  dependability  were  accented.  These  deelgn  objectives  were  implemented  by 
maintaining  the  same  bolt  hole  circle  site,  seal  alee,  bolt  site,  end  bolt 


<j)  Kooj  Mjv!ii..ory  and  Chemical  Company,  supplier  of  electrolytic  98!  H,0,. 
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length  throughout  both  tha  prsbumer  assembly  and  the  secondary  corr.bustor.  Thu 
previously  mentioned  minimum  safety  factor  of  2/1  was  maintained  throughout  the 
structure. 


b.  Praburnar  Structural  Design 

(U)  Design  parameters  for  the  prebumer  assembly  are  shown 

In  Table  1.  The  preburoer  configuration  vat  designed  to  cover  two  different 
throughput  ranges.  These  throughputs  wore  nominally  40  pale  (low  throughput 
configuration)  and  80  pale  (high  throughput  configuration).  Tl,e  proburner 
assembly  was  designed  so  that  the  two  catalyst  configurations  matched  the 
Interfaces  of  the  adjacent  components. 

(U)  The  praburnar  assembly  in  lta  final  form  le  shown  In 

Figure  11.  Praburnar  dealgn  was  based  both  upon  recommendations  and  consulta¬ 
tion  with  Mr.  McCormick  of  Pood  Machinery  and  Chemical  Company  and  upon  tha 
date  derived  In  tha  eubscala  catalyst  program  conducted  during  Phase  I  of  thl- 
program  (Ref.  1).  The  latter  program  strongly  influenced  peck  design  parameters 
such  ss  pack  length,  screen  orientation,  end  ecremu  selection. 

(U)  The  catalyst  pack  ie  made  up  of  an  entrance  manifolu, 

entrance  orifice  plate,  catalyst  ecreen  (active  end  pesaive) ,  end  sn  exit 
orifice  plate. 

(U)  Stainless  eteal  (Series  341)  was  used  as  tha  materiel  of 

construction  for  «11  preburner  components.  This  material  was  selected  because 
of  Its  excellent  structural  properties  at  high  temperature  and  its  compatibility 
with  HjOj.  The  catalytic  decomposition  temperature  of  981  le  approximately 

1800*F.  However,  exposure  to  this  temperature  would  produce  only  transient 
heating  effects  in  tha  prebumer  structure,  because  of  the  ehott  duration 
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P REBURNPII  DESIGN  PARAMETERS 

b 
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r  ir.r.iii'Ccr 

Symbol 

Mil 

(tow)  (High) 

T 

Throughput  at  MR  •  0.5^ 

TP 

P.i.(b) 

40'  00 

I 

1 

(nominal  daaign  point) 

rf 

4 

Throughput  at  KR  •  1.0 

TP 

palm 

61  122 

a* 

(of  f-da»ign  maxlmiaO 

m 

Oxidlrar  flow  at  MR  ■  0.5 

a 

w 

0 

lba/aac 

22.0 

4 

Oxidiaor  flow  at  MR  ■  1.0 

a 

U 

0 

lbm/aac 

33.7 

- 

pals 

4500 

Chambar  pveaaura 

PC 

T 

*F 

1750 

4 

L'.aa  tamperatura 

lcr 

•  * 

<8> 


—  MK  r.f.r.  to  th*  thrust  chssibsr  mUctura  ratio  of  total  wsl|ht  flow,  of 
(h,  Z2Vr\^^lt  catalyst  psch  frontal  ara.  Una.  alnutn.. 
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(5.0  sec )  of  the  testa.  The  Inlet  manifolds,  catalyst  housings,  chambers,  and 
nozzles  were  all  machined  froa  forged  CASS  347.  Tha  remaining  components  vara 
fabricated  fnw»  CK£$  347  plate,  bar,  or  tubing. 

(U)  high-pressure  Conoeeal^  Joints*  vara  Incorporated  Into 

tha  prebumar  as  tha  flange  seals.  Thin  type  of  aetai- to-met el  seal  has  pre¬ 
viously  bean  used  successfully  in  other  Aerojet  high-pressure  component  test 
progress.  Thus,  no  elastonor- type  aeele  Mere  uaad  in  any  of  the  liquid 

circuits. 

(U)  Ae  shown  in  figure  11,  a  seven-orifice  turbine  elauletor 

wee  designed  using  the  coapraealblw  gee-flow  through-orifice  relationship 
described  In  Ref.  3.  The  turbine  aiaulator  reduces  the  pressure  froa  e  level  of 
between  4000  and  4300  pale  (depending  on  balance  requirements)  at  the  catalyat 
peck  outlet,  to  a  lavel  of  about  3000  pals— the  deelred  operating  pranaure  for 
the  secondary  coebustor.  The  pressure  drop  la  alniler  ca  that  anticipated  for 
a  turblno  In  an  engine, 

(U)  To  perform  preburner  testing,  e  teck-preseurs  nozzle  was 

also  dealgned  and  fabricated  (see  Figure  11).  This  nozzle,  In  conjunction  with 
the  turbine  elauletor,  allowed  accurate  simulation  of  the  etegad-coabuetlon 
oxidizer  flow  end  pressure  conditions 

(U)  The  aaaeably  also  incorporated  a  chunber  section  which 

served  os  a  gee  flow  straightening  section.  Gee  turbulence  anticipated  at  the 
outlet  of  turbine  aiaulator  could  cause  poor  HR  distribution  end  oxidlser-rlch 
cone*  across  the  face  of  the  injector  which  la  turn  could  produce  erosion  of 


« 


* 


»  • 
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l(>)  Conoseal  ia  the  trade,  name  for  a  luetal  gasket  produced  by  the  Herman 
Division  of  the  Aeroqu'p  Corporation,  Loa  Angelea,  California. 
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downstream  ablative  and  tungsten  components.  The  Inside  diameter  of  the  chamber, 
5.0  in.,  was  selected  to  maintain  a  gas  velocity  of  about  dach  0.3,  in  keeping 
with  current  design  practice  for  gee  generators. 

c.  Catalyst  Pack  Dealgn 

(U)  The  catalytic  decomposition  of  98X  la  an  exothermic 

reaction  la  which  the  temperature  of  reaction  la  almost  entirely  a  function  of 
peroxide  concentration  and  faed  temparatura.  Pressure  appaars  to  hava  11. tie 
effect  although  this  has  not  baaa  conclusively  demonstrated.  Figure  12  shows 
the  relationship  of  decomposition  temparatura  to  concentration  and  feed 
temperature.  Decomposition  tesqtaraturea  in  the  range  oi  1730  to  1800*F  may  be 
anticipated.  If  pressure  has  an  affect,  the  decomposition  temperature  esn  be 
expected  to  be  closer  to  1600*F.  Therefore,  purs  r'lvar  screens  which  perform 
very  well  with  90%  HjOj  cannot  be  used  as  the  sola  caealytlc  material  'or  93% 

H202  bacausa  the  malting  point  of  silver  is  1760*P.  Other  higher-taeiperature 
catalytic  screens  must  be  used,  particularly  In  tha  high-temper, itur*  eons  of  the 
catalyse  pack.  Silver  may  be  used  in  tha  forward  end  of  a  pack  to  assist  in  ths 
Initiation  of  the  decosgtoeitlon  since  this  portion  of  tha  pack  remains  relatively 
cool. 

(U)  Two  axial  flow  catalyst  pack  configurations  ware  designed. 

Both  of  these  incorporated  high-tamperatura  catalyst  materials  which  effectively 
resisted  the  temperatures  encountered  from  48%  HjO,  decomposition,  '.'has* 
catalyst  materiel*.  Ageits  220  and  Age it*  223,  ere  under  a  patent  secrecy 
order ^  end  their  composition  cannot  be  revealed  et  this  t'jee.  Ths  two 
configurations  ware:  (1)  a  low  throughput  peck  to  cover  the  peroxide  loading 
range  of  40  to  61  palm;  *nd  (2)  a  high  throughput  pack  to  cover  the  range  80  to 

^United  States  Patent  Office  Secrecy  Order  covering  patent  application  Serial 
N..  471.326,  Decomposition  Catalyst,  by  James  C.  McCormick. 
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Figure  12.  Decomposition  Temperature  of  ftroxide 
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122  psim.  Thsy  ware  6.50  and  4. 53  in.  in  diameter,  respectively;  ("ore:  40 
and  30  psim  correspond  to  an  MR  of  Hj0„/Alvosisine-43  of  0.5  while  61  and  122 
pair,  correspond  to  an  MX  of  1.0.) 

(U)  The  design  of  the  axial  catalyst  pacha  and  certain  other 

features  of  the  preburaer  configuration  were  baaed  on  existing  high-temperature 
catalyst  technology  provided  by  the  Food  Machinery  end  Chemlcel  Company,  the 
supplier  of  electrolytic  98Z  H^Oj,  and  the  aubacale  catalyst  evaluation  conducted 
during  Phaea  I  of  tha  prograa  (Ref.  1).  Froa  these  two  sources,  such  parameters 
as  catalyse  depth,  throughput,  catalyst  pack  compression,  pressura  drop,  and  the 
number  of  active  screens  were  derived. 


(U)  Several  Important  de*  .»  considerations  were  taken  into 

account  based  on  the  above  cited  experience.  Flrat,  the  introduction  of  the 
liquid  peroxide  Into  the  peck  wee  found  to  be  very  important.  Excessive  volume 
in  the  inlet  manifold  could  lead  to  unstable  behavior  during  the  decomposition 
rsection.  On  the  other  hand,  excaselve  velocity  in  the  inlet  manifold  could 
produce  unequal  distribution  of  peroxide  flow  into  the  pack.  Thaae  undesirable 
effects  ware  countered  In  several  weya.  The  kinetic  effects  of  the  peroxide 
entering  the  mainfold  at  21  ft/aec  were  eliminated  through  the  use  of  baffle 
plate  located  directly  opposite  the  inlet  line  (see  Figure  11).  Next,  the 
volume  in  the  manifold  wee  contoured  Co  maintain  7  to  10  ft/sec  velocity 

across  the  inlet  plate  to  tha  catalyst  peck  end  to  minimize  manifold  volume. 
Finally ,  the  inlet  plate  was  drilled  in  e  uniform  pattern  of  holes  to  yield 
about  25Z  open  area  and  give  equal  distribution  of  liquid  peroxide  as  it  passed 
into  the  peck. 


•  • 


(U)  The  catalyst  pack  itself  was  composed  of  a  compressed  mass 

of  die-cut  screens  corresponding  to  the  diameter  required  for  low  throughput 
(40  psim)  and  high  throughput  (80  psim).  Details  of  the  screen  arrangement  -uv 
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be  found  in  Section  III, £.3.  The  active  screens,  ?0-m#eh  silver  end  20-mesh 
Agelte,  were  placed  in  the  forward  end  of  the  pack  to  initiate  the  decomposition 
reaction.  These  screens  were  alternately  interspersed  with  14-mesh  Inert 
nickel-manganeoa  screens.  It  was  possible  to  use  a  fairly  tight  mesh  size  in 
this  part  of  the  peck  and  thereby  realize  e  relatively  high  cetelyst  surface 
area,  because  the  peroxide  wee  still  in  the  liquid  phase.  The  lower  portion  of 
the  peck  wee  made  up  of  12-sMsh  nickel  and  14-smeh  nicks 1-manganese  screens 
which  set  ss  thermel  catalyst  to  sustain  the  reaction.  The  anticipated  pressure 
drop  was  about  60  pel. 

(U)  The  screens  were  compressed  with  a  load  to  Induce  e 

compaction  of  4000  pel.  Experience  (ea  previously  noted)  indicated  that  pack 
stability  was  dependent  on  the  maintenance  of  this  compression  during  operation. 
Consequently,  the  length  of  the  pack  was  measured  while  the  peck  was  being 
compressed  in  a  precision  hydraulic  operated  prase.  When  the  pack  was  Inserted 
Into  the  preburner  housing.  Type  347  stsinlees-eteel  shims  were  used  et  the 
forward  end  to  maintain  the  depth  corresponding  to  that  measured  during  the 
compression  operation.  A  soft  aluminum  apacar  was  also  used  at  the  forward  end 
to  absorb  possible  thermal  growth  during  firing. 

(U)  Tha  active  screen*  were  Interspersed  with  nickel-manganese 

screens  to  also  prevent  flow  of  the  softer,  active  metals  into  each  ocher  during 
compression  and  operation.  This  techniqua  was  successful  in  maintaining  a  high 
catalytic  surface  arts. 

(!')  Two  anti-channel  baffle*  were  used  to  prevent  channeling 

•'f  the  peroxide  along  the  sides  of  the  catalyst  pack.  Split  rings  made  of  347 
CRDS,  resembling  piston  rings,  vtre  inserted  between  the  screens  at  strategic 
points  In  the  pack  prior  to  pack  compression. 
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lU)  The  catalyst  depth  wan  aalactad  baaed  upon  a  correlation 

.'.licussod  In  Section  11,8,5.  The  teat  reaults  indicate  that  the  pack  depth 
aeit.ctod  wee  propar. 

(U)  The  pack  wee  supported  by  a  drilled  multiorifice  exit  plate 

having  an  open  area  of  30Z  and  a  heavy  "wagon-wheel"  support  (structure  to  resiat 
thermal  and  load  stresses  during  prebumer  operation.  Spacers  ware  included  in 
uic  design  between  the  "wagon-wheel"  and  the  exit  plate  to  permit  large  changes 
in  catalyst  pack  depth. 

d.  Instrumentation  Provisions 

(U)  The  plscaasnt  of  instrumentation  is  shown  schematically 

in  Figure  13.  The  prsburner  was  fully  lnstrumanted  to  measure  the  followin' 
functions  during  each  test. 

(1)  Temperature  waaeuremant— sheathed  chroma l-alumsl  TC’e 
at) 

(a)  Inlet  manifold  to  catalyst  pack. 

(b)  At  laast  four  stations  in  pack  ca  obtain  a 
temperature  profile  as  a  function  of  catalyst 
depth. 

(c)  Peck  outlet. 

(d)  At  leant  thrae  locations  in  chamber  section. 

(e)  Entry  to  nosxle. 
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Figure  13*  Instrumentation  of  P  re  burner  Assenbly 
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3TI.  3,  Tocl'aicttl  Di-cusaion  (cont.) 

(2)  Preaaura  aaaaur  want— Taber <8)  transducers  at: 

(a)  Inlet  rifoH. 

('«)  Outlet  pack. 

( e ,•  Ac  .  hx  -o  locations  la  ehaabar. 

(d>  Ko  v  ale. 

O’  >1  >-ale. 

(0\ 

(3)  JJi.  ...  ...  >'  .torlna— Photocon v  '  Modal  307, 

wat  .  „w-ftvl,.w4ocy  capacltance-typa  trane- 

ducai.  " 

(a)  XolaC  aaelfold. 

(b)  Two  locations  lit  chaaibar. 

O)  Entry  to  tussle. 

A11  lnaerunantatlon  porta  vara  located  la  tha  upper 
portion*  of  tha  Hardware  to  obtain  aalf  draining,  and  prevent  accumulation  or 
trapping  of  peroxide. 

2.  MyttWH.gt.THUM 

a.  Praburnar  Start  Trwelant  and  Operation  Analysis 

(U)  An  analyala  to  evaluate  the  starting  rtiqulrenencs  and 

operation  of  tha  preburnar  waa  conducted.  Thia  analyala  cook  the  following 
factors  into  consideration: 


{  y  \  1  — — ^ 

Taber  transducers,  a  product  of  Taber  Inatruaent  Corporation,  North  Tonauanda, 
New  York,  14120. 

(9) 

Photocon  transducers,  a  product  of  Photocon  Research  Products, 

Pasadena,  Cclifomla. 
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(1)  The  servo-controlled  intenslfler  system  (Figure  14) 
uses  the  discharge  preeeure  an  che  control  feedback  signal. 

(2)  The  catalyse  say  fall  to  Initiate  decomposition  of 
the  HjOj  with  the  predetermined  rising  pressure  schedule. 

(3)  Pulse  starting  of  the  catalyst  would  not  be  feasible, 
because  the  high  supply  pressure  would  produce  excessive  flow  during  the  time 
prior  to  Initiation  of  decomposition  of  the  KjO^. 

(U)  Start  transient  self unction-shutdown  criteria  were  based 

upon  the  "no-lgnltlon"  factor.  Because  the  feed  system  was  on  closed-loop 
pressure  control,  the  preburner  was  started  at  low  pressure  (about  300  pale) 
and  low  flow  rate  (about  2  to  3  lbm/sec)  by  using  a  small  valve  and  orifice 
that  bypassed  the  main  thruat  chamber  valve.  The  chamber  pressure  vhlch  would 
result  from  H,0j  decomposition  wee  ast lasted,  and  e  preeeure  switch  wee  set 
near  thia  value  to  make  contact  within  a  specified  time  period  so  that  chamber 
flooding  could  be  prevented.  The  pressure  switch  then  initiated  e  timer  that 
wee  programed  to  allow  the  catalyst  to  heat  by  decomposition  of  the  bleed  H^. 
Upon  completion  of  the  heetlng-up  period,  2  to  3  sec  In  duration,  the  supplv 
pressure  to  the  preburner  wee  increased  linearly  from  300  pel  to  about  4300 
pale.  The  mein  thrust  chamber  valve  opened  simultaneously.  Tht  pressure  rise 
(also  celled  staging  end  ramping  elsewhere  In  this  report)  wee  timed  for  1.0 
to  l.S  sec. 

(U)  A  second  preeeure  switch  preset  at  3500  pete  wee  included 

in  the  system  as  an  Indicator  that  decomposition  of  the  wee  sustained 

throughout  che  pressure  ramp.  Failure  of  this  preeeure  switch  to  actuate  within 
a  specified  time  period  automatically  Initiated  the  shutdown  sequence.  Thus, 
a  flooding  condition  was  avoided. 
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(L)  The  requirement*  for  obtaining  lntenslfler  flow  control 

rather  than  pressure  control  were  also  evaluated.  Tha  analysis  indicatsd  that 
an  analog  simulation  of  tha  lntenelfler  systaa  would  ba  neided  to  avaluata  tha 
vatious  methods  of  generating  c.ie  flow  feed-back  signal  to  tha  aarvo-valva 
systaa  which  controls  nitrogan  flow  on  tha  gsa  aids  of  the  dlffarantlal  piston. 
(See  naxt  section  for  a  description  it  tha  tart  facility.!  Costa  ware  estimated 
for  completion  of  thlw  analysis,  for  procurement  of  a  nodlflad  control  network, 
and  for  checkout  of  tha  system.  Coat  analysis  indicated  thia  modification  tc 
ba  significantly  beyond  the  scope  of  tha  pregraa.  It  was  also  determined  that 
this  type  of  control  was  not  necessary  for  tha  praburoer  tasting  sines  no  throat 
erosion  would  ba  expected.  Throat  erosion  estimates  for  tha  oecondary  combustor 
Indicated  chat  tha  throat  diameter  would  change  insignificantly  in  tha  ahort- 
duration  tests  planned.  Therefore,  tha  more  sophlaticatad  flow  control  ayatea 
did  not  appear  warranted.  Teat  experience  confirmed  thia  conclusively. 

(U)  Praburoer  operation  was  alio  examined  for  the  flow 

conditions  needed  to  inermeee  etaged-combustlon  mixture  ratio  from  O.S  to  1.0, 
These  oxldiser  flow  rates  were  22.0  end  3>.?  lb/sac,  respectively.  Tha  design, 
as  presented  in  Re'.  1,  vaa  based  upon  a  nominal  catalyst  pack  throughput 
preburnar.  At  a  mixture  ratio  of  1,0,  these  throughputs  increase  to  61  and 
122  pslra,  respectively. 

(U)  Tha  possibility  of  bypassing  a  portion  of  tha  around 

the  pack  and  thermally  decomposing  tha  peroxide  in  tha  hot-gas  stream  also 
considered.  Thia  concept  la  entirely  feasible  and  affords  a  means  of  avoiding 
excessively  high  cstalyat  bod  throughputs.  011-ant  tasting  in  the  Phase  t 
bubscale  catalyst  program  (Ref.  1),  In  which  it  wee  attempted  to  attenuate  gas 
r.oraperaturo  by  injecting  98X  downstream  of  the  catalyst  pack,  showed  that 

bypassed  flows,  as  high  as  30X,  would  thermally  .i'aconpose  completely,  A  diluent 
injector,  previously  designed  for  the  preburner  ays tarn,  would  be  employed  to 
i’lject  the  fyp.v.ned  peroxide,  if  it  became  necessary  to  resort  to  this  met  ho  J  . 
t e  :  it  was  not  neutasury . ) 

Page  a 4 

UNCLASSIFIED 


UNCLASSIFIED 


Report  10785-F,  Phase  II 
III,  B,  Technical  Discussion  (coat.) 

(U)  The  pressure  echedul*  for  th«  praburnar  testing  considered 

a  4500-paia  supply  praaaura  to  tha  manifold.  Pack  pressure  drop  dapanding 
on  throughput  and  pack  length  we*  expected  to  range  fro*  60  to  ISO  pal,  giving 
a  praburnar  cheater  praaaurn  of  about  4400  pale.  The  daolred  praaaura  dovnatraam 
of  tha  turbine  simulator  vna  about  S07S  paia.  A  praaaura  drop  of  approximately 
1)00  pal  could  bo  expected  to  occur  acroae  tha  turbine  simulator.  and  therefore, 
the  HjOj  ranlfold  praaaura  uaa  aet  accordingly.  Tha  aanlfold  praaaura  woa 
adjuated,  baaed  upon  actual  praaaura  drop  acroae  tha  tuibiaa  simulator,  to 
maintain  tha  3075-pela  praaaura  level. 

b.  System  Dynamic*  Analyaia 

(U)  "Chugging",  or  lo«e* frequency  combustion  lnatablllty  in 

liquid  rocket  englnea ,  la  cauaod  by  the  interaction  of  prooeuro  end  weight-flow 
oscillation*  In  the  cosibuatlon  procoaa  and  angina  food  ayotoa.  Thia  analyaia 
woa  conducted  to  lnvoatigoto  tha  stability  characteristics  of  tha  praburnar 
coupled  to  tha  J-l  lntanalflar  feed  syataa  and  to  Identify  potential  probleam 
that  would  require  ayttom  aodlflcatlen.  figure  14  la  o  aches* tic  of  tha  feed 
system,  and  figure  11  above  tha  praburnar  with  the  back-preasure  near la  attached. 

(U)  An  analytical  nodal  of  the  praburnar  aystam  was  developed 

using  analog  natworka  to  represent  tha  feed  system  and  catalyst  component a.  The 
concept  of  hydraulle  Impedance,  which  parallels  the  concepts  of  electrical 
transmission  I In#  theory,  was  used  to  define  the  frequency  response  character¬ 
istics  of  the  feed  system  and  chamber  elements,  flow  or  praaaura  fluctuatlona 
arc  either  attenuated  or  amplified  In  tha  ayatam  according  to  the  impedance 
propartlaa  as  seen  fro*  tha  decomposition  sons. 
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(U)  thua,  the  Impedances  that  auat  ha  evaluated  for  the 

suability  analyst*  are  (1)  tha  upatraaai  liquid  feed  ayatea  impedance,  and  (2) 
the  downstream  gas-side  lapadanca.  Theaa  lapadancaa  ara  coapoaad  of  equivalent 
inductances,  capacitances,  and  raaiatancaa,  which  ara.  In  turn,  functions  of 
the  feed  ayatea  geometry  and  tha  fluid  properties.  Tha  problea  is  thereby 
t educed  to  the  analysis  of  a  linear  electrical  circuit  cotraspondlng  to  the 
preburner  ayatea. 

(U)  A  convenient  aethod  of  studying  the  stability  of  thia 

ayacooi  la  the  signal  flow  graph  (Figure  15),  which  la  a  graphical  representation 
of  tha  sat  of  Laplace-transform  equations  describing  the  circuit.  Tha  flow 
graph  la  asrtly  used  as  an  aid  In  visualising  tha  eause-and-ef feet  ralatlonahlpa 
between  preesure  oac Illations  In  tha  circuit  under  study. 

(U)  A  steady-state  stability  equation  la  derived  from  the 

graph  by  reducln„  the  graph  to  a  single  gain  from  input  to  output.  This 
raduction  of  the  flow  graph  la  aqulvalent  to  solving  tha  aet  of  simultaneous 
linear  algabralc  equations  by  auccsaslve  aubatltution.  Tha  procedure  for 
graphical  raduction  la  well  documented  In  Smf.  A  and  5. 

(U)  A  single  gain  tern,  which  la  the  ratio  of  output  to  Input, 

la  obtained  ss  a  rasult  of  tha  raduction.  A  digital  computer  progren  la  usad 
to  avaluata  this  gain  numerically  as  a  function  of  frequency  over  tha  frequency 
ranga  of  Interest.  The  gain  thua  evaluated  la  a  Manure  of  tha  amplif  lest  Ion 
or  attenuation  of  an  oscillatory  pressure  originating  In  the  decomposition  zone, 
transmitted  through  tha  upstream  and  downstream  Impedances,  and  than  reflected 
back  to  the  decoaqracltlon  sons. 

(U)  Not  only  muat  the  magnitude  of  tha  gain  be  equal  to  or 

^renter  than  one,  but  thu  Input  and  output  must  also  ba  in  phase  in  order  for 
the  system  to  sustain  oscillations.  The  resultant  open-loop  transfer  function 
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was  plccted  on  a  gain-phase  diagram  to  diaplay  the  resulta.  For  the  signal  flow 
graphs  used  In  this  anal y a la,  Nyqulse's  stability  criterion  states  that  a 
closed-loop  ay a ten  la  stable  If  tae  open-loop  gala  is  lass  than  unity  when  the 
open-loop  phase  la  0*.  In  control  aysten  analysis,  stability  la  normally 
ensured  If  the  open-'oop  gain  la  0.3  (-4  db)  or  lass  at  the  0*  phase  angle,  and 
the  open-loop  phase  lag  la  30*  or  sore  tdtan  the  gala  la  0  db^*. 

(U)  The  results  of  *-Se  stability  analysis  ara  presented 

graphically  in  Figures  Id  end  17.  Two  cases  wars  considered  at  an  NR  of  0.3  and 
ecoedy-etate  operation!  (’.)  without  turblna  simulator  and  (2)  with  turbine 
simulator.  Both  caaaa  diaplay  galn-phaaa  charactarlatlca  which  indicate 
stability  In  accordance  with  Nyquiet'a  stability  criteria.  Alio,  in  both  caaaa, 
the  gain  steadily  decreaeee  vlth  incraaaing  frequency  dun  to  the  capacltancs 
of  the  chanbsr  gases.  With  the  additional  realatanca  of  tbs  turblna  alnulator 
(rase  2),  the  galas  are  generally  lower.  Indicating  a  wore  stable  system.  From 
these  results.  It  was  concluded  that  the  J-l  preburnet  system  would  bo  stable 
over  the  frequency  range  from  0  to  300  cpe. 


(10)  In  the  slgnal-flow-graph  method  of  analysis,  the  characteristic  equation 
Is  one  minus  the  open-loop  transfer  function  la  equal  to  saro,  whereas  In 
the  block  diagram  ty>a  of  analysis.  It  la  one  plus  the  open-loop  transfer 
function  Is  equal  to  saro. 
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3.  '’’est  Facilities 

(U)  All  These  II  test  activities  were  conducted  on  Test  Stand  J-l. 

Ine  tost  facility  consists  of  e  test  bed  with  thrust  Measurement  capability, 
an  intenslfler  system  to  deliver  propellants  tb  the  hardware  at  the  required 
pressures  and  flow  rates,  a  gaseous  nitrogen  cascade  storage  end  transfer 
system,  and  a  control  room  in  which  la  houaed  Instrumentation,  recording,  and 
monitoring  equipment.  Test  Stand  J-l  la  pert  of  e  larger  teat  complex  devoted 
to  alticuda  testing  end  the  evaluation  of  exotic  propellent  systems  and 
unique  hardware  concepts. 

a.  Teat  Stand  J-l 

(U)  Tha  taat  stand  consists  of  a  flexure-mounted  horizontal 

test  bed  rated  at  20,000  lbf  op  thrust.  Thrust  is  measured  with  a  dual- 
bridge  load  call.  Tha  error  In  thrust  measurement  la  lees  than  0.5Z  and 
repeatability  la  0.15Z  above  10,000  Itf  of  thrust. 

(U)  Propellants  are  supplied  to  the  hardware  mounted  on  the 

test  bad  at  pressures  up  to  3000  paig  by  two  dual -pis con  pressure  lntanalflers 
wnich  have  a  deliverable  capacity  of  80  gal  each.  The  lntenalflars  have  a 
3  to  1  mechanical  advantage;  i.a.,  tha  gaa-aida  piston  has  three  times  tha 
arts  of  the  propellant  aide  platan.  Therefore,  for  example,  1500-pslg 
gaseous  nitrogen  pressurization  of  the  large  piston  will  dees  lop  4300-palg 
propellant  pressure.  Figure  18  shows  Uia  intenslfler  la  partial  cutjviy. 
Figures  19  and  20  show  tha  oicldisar  Intenslfler  installation.  The  fuel 
i.icsnslfier  system  la  similar. 

(U)  Tha  oxidizer  side  of  tha  system  is  Class  2  with  respect 

co  982  service  from  the  Intenslfler  through  the  oxidissr  thrust  chamber 

"alve.  Class  2  is  an  arbitrary  classification  Applied  to  certain  materials 
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of  construction  that  are  satisfactory  for  repeated  short-time  contact  with  982 
H202  (Ref.  6).  The  classification  of  materials  is  based  upon  field  results 
and  upon  laboratory  evaluation  of  materials  exposed  to  high  concentration 
Hz0r  Typical  materials  which  fulfill  this  classification  after  they  have 
been  properly  machined ■  cleaned  and  passivated  include  CMS  302,  31b,  321, 

347,  Teflon,  end  Rulon-F. (U) 

(U)  Gaseous  nitrogen  la  supplied  to  tha  inteealflere  from 

a  3500-palg,  103,000-scf  cascade  and  storage  systeo.  Inlet  preeaurea  to  the 
intenslflara  era  controlled  by  aervo-operatsd  flow  control  velvea  with  a 
closed-loop  feedback  eyetesi  on  preaeure  control.  Each  intenslfler  le  fitted 
with  two  flow  control  valves  which  ere  oporated  oeperetely  to  obtain  e  wide 
range  of  propellent  pressure  rise  races,  pressures,  and  flows. 

b.  Instrumentation 

(U)  The  J-Zone  complex  has  an  Instrumentation  system 

consisting  of  the  following: 

(1)  Strain  gage—  «*  strain  gage  channels  with  a  maximum 
error  of  0.3X  of  the  measured  value  art  available.  The  high-pressure  trans¬ 
ducers  used  on  thlo  program  were  of  tha  balanced-bridge  strain-gage  type. 

(2)  Thermocouples-- 48  channels,  basically  designed  to 
handle  chromel-aluawl,  with  a  maximum  error  of  1Z  of  the  measured  value, 
operate  through  a  temperature-controlled  32*P  reference  bath. 

O)  Flow  sMaaurement— Three  method*  of  flow  measurement 
were  used  on  this  program: 


(11)  Rulon-H,  a  filled  Teflon  material,  a  product  of  Dixon  Corporation, 
Bristol,  Rhode  Island. 
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(U)  (s)  Turbine-type  magnetic  flowmeters  were  mounted 

directly  in  both  the  fuel  and  oxidixer  delivery  lines.  The  primary  purpose 
of  the  flowmeters  was  to  provide  preliminary  postteat  data.  The  signals  from 
the  flowmeters  ars  conditioned  with  integrator  units  to  convert  from  ae  to 
dc  for  digital  tape  and  atrip  chart  recording.  The  ec  signal  le  recorded  on 
the  oscillograph. 

(U)  (b)  Linear  potentiometers,  with  a  maximum  error 

of  0.4X  of  the  measured  value,  ere  mounted  on  each  intenslflar  to  measure 
displacement  of  the  piston.  Measurement  of  en  Impressed  dc  voltage  la  similar 
to  the  methods  used  to  measure  valve  trecoa,  end  the  voltaga  change  as  a 
function  of  time  le  directly  related  to  flow.  This  flow  measurement  method 
wee  used  ee  e  secondary  or  beck-up  flow  measurement  system. 

(U)  (c)  Capecitence-type  probes  with  e  limited  24-in. 

travel  were  used  ee  the  primary  flow  measurement  system,  and  all  performanca 
data  contained  in  this  report,  unless  otherwise  noted,  era  baaed  on  measure¬ 
ments  with  these  devices.  These  probes  are  accurate  to  within  0.4Z.  Probes 
are  ac  excited  end  ere  converted  to  a  dc  output  for  digital  recording. 

<U)  (4)  Time  evont  measurement  and  control  functions— The 

timers  are  R/C  type.  Valve  movement  is  determined  through  the  use  of  rotary 
or  linear  potent lometera  which  have  had  a  dc  voltaga  Impressed  upon  them. 

Switch  position  changes  are  recorded  through  the  switch  contact. 

(U)  (S)  High-frequency  measurement  and  recording— A 

32-channel  Mlnneapolls-Honeywell  Model  7600  recorder  with  a  0.4  to  20  kc 
frequency  response  can  he  utilised  with  capacitance,  strain  gaga  and/or  crystal 
type  sensing  elements.  For  this  program,  water-cooled  capacitance-type 
transducers  were  used. 
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(U)  (6)  Recording  devices— The  racordara  are  divided  into 

two  baalc  groups,  analog  and  digital.  The  analog  racordara  era  atrip  chart 
racordara,  oscillographs,  visual  gagas,  and  tiaa-avant  racordara,  Tha  digital 
system  Is  tha  analog-tm-dlgital  converter  (ADC)  and  tha  digital  tap*  recorder. 
Tha  ADC  Is  tha  primary  ns  ana  of  recording  because  of  the  high  degree  of 
precision  (+0. IX  one  count)  and  data  reproduction  capability  by  a  coaputer., 

Tha  strip  chart  la  a  lowrsspoas*  (1.0  eps)  recorder  used  prlamrlly  for 
viewing  "kill"  parameters  during  test  and  to  provide  preliminary  post  test 
data.  The  oscillographs  are  used  to  record  low  and  medium  frequency  parameters 
(2000  cps)  and  monitor  the  occurrence  of  low-frequency  Instability.  Visual 
gages  ate  used  for  observation  of  tast  at ana  parameters  that  do  not  have  to 
be  recorded.  Among  the  specific  recording  and  monitoring  device  a  used  on  this 
program  were: 

(a)  Oscillograph— 18  channel 

(b)  Oscillograph— M  channel 

(c)  Strip  chart  recorders- 12 

(d)  Visual  gages— 12 

(s)  72-channel  analog  to  digital  conversion  (ADC) 
system 

(f)  Tima  interval  counter,  10  chaiwal  (Berkeley) 

(g)  TV  cloeed  circuit,  2  displays 

(h)  Mot  stylus  recorder,  4  channel  (Sanborn), 
setup  of  flow  control  and  vrlvo  position. 

(U)  (7)  All  instruauntaelon  Is  calibrated  before  end  after 

each  :ast  by  lupoalng  a  dc  voltage  In  step  lncrenants  over  the  range  of  tha 
transducer. 
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4-  Er«butn«  T*it_PttcrlPtlor  and  Rssults 

(U)  Three  MX  M^Oj  preburner  tests  were  conducted  with  the  low- 

throughput  (6. 30- In. -41a)  catalyst  pack,  and  tve  were  made  wl^h  the  high- 
throughput  (4.38- In. -die)  catalyst  pack.  The  objective  of  these  tests  was  to 
damonatrata  satisfactory  operation  of  the  preburner  at  oxldltar  throughputs 
In  aach  pack  corresponding  to  ategsd-coabustlon  mixture  ratios  of  0.3  and 
1.0  for  MX  M»0j  and  Alualslae-43.  The  results  of  this  aeries  of  tests  are 
suswarlxed  In  fable  It.  Figures  21  through  27  show  the  reeultn  graphically. 

The  location  of  tnstnssantatlon  Is  shown  la  Tlgure  13.  The  Instrumentation 
designators  correspond  to  those  used  In  the  legends  of  the  graphic  displays  of 
the  preburns;  data.  Figure  14  Is  a  schematic  of  the  propellant  circuit.  The 
preburner,,  with  leak-test  plate  in  place  on  the  nossle  exit  as  It  was  Installed 
on  i;,s  taut  stand,  la  shown  in  Figure  28. 

W  to  mu  sure  satisfactory  start  of  tha  systaa  prior  to  opening 

of  the  nain  thrust  chamber  valve,  a  bypass  valve  was  Installed  to  allow  a 
■»rll  anount  of  flow  (2  to  3  lbak/scc)  to  enter  th»  cr  tslyst  peck  at  a  low 
preset  praeaure  (375  to  300  pale)  of  tho  lnttneifler.  Thle  low  flow  rate 
permit tod  the  Initiation  of  HjQj  decomposition  and  the  preheating  of  the  pack 
to  a  temperature  between  1600  and  1700*F  prior  to  staging  (or  rasping)  to  full 
flow  and  pressure  conditions.  Table  III  auasiariaes  the  bypass  operation.  On 
the  first  two  tests,  ths  bypass  sequence  was  controlled  manually.  Main  flow 
staging  -was  manually  Initiated  whan  a  temperature  gage  downstream  of  the 
catalyst  peck  indicated  1000*F.  In  the  final  three  teets,  rhe  entire  sequence 
wee  controlled  eutoaetlcelly. 

^  Th*  *low  conditions  and  parameters  for  each  test  are  suiwwrlxed 

below.  Th.«  catalyst  pock  operation  1-  discussed  in  the  following  section. 
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Figure  26.  Preburner  Performance — Test  1.2-0i-AAC-004  (u) 
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a.  Teat  1 . 2-03-JUC-OOl 

(C)  The  objectives  of  Chia  teat  were  to  choc):  out  the  ay  a  tee 

and  to  operate  the  low-throughput  preburner  at  e  nominal  throughput  of  40  pain, 
corresponding  to  an  IjQj/Aluml* lne-4 Z  Mixture  ratio  of  0.3.  La  noted  in 
Table  IX,  a  throughput  of  40.3  to  44.7  paim  wee  achieved.  4  lover- than - 
deaired  preaeure  drop  (343  venue  1400  pat)  through  the  turbine  eixuletor 
accounta.  for  the  ioc reaped  flow  rata  aad  for  tha  highar  eecuodary  chamber 
preaaure  (Pn> .  Desired  eecoedary  chamber  preaeure  for  ataged-combustlon 
operation  la  3000  to  3100  pale.  A  preaeure  of  3401  to  3443  peie  wee  obtained. 
Otherwise,  preburner  operation  wee  satisfactory.  A  pressure  of  4400  pale  and 
decompoaition  tamperacurea  of  1771  to  1779*7  were  achieved  over  a  steady-state 
period  of  3.24  tec  (etaady-etate  operation  wee  defined  as  that  period  of  time 
over  which  the  cheaper  pressure  wee  In  cxceee  of  90S  of  full  fe). 

(U)  Staging  of  pro burner  supply  preaeure  to  tha  desired 

o par at lug  pressure  wee  Initiated  nenuelly  after  sufficient  taaperature  «ua 
Indicated,  leap  (stage)  time  for  thla  teat  wu  2.0  sec,  end  romping  wee 
linear,  as  shewn  in  Figure  21.  Fra burner  performance  prior  to  reaping  la 
plotted  In  Figure  22. 

(U)  Figure  29  shove  the  upstream  aide  of  the  turbine 

slnulotor.  Tha  deposit  of  Oliver  on  tha  surface  is  a  coma  occurrence  with 
pecks  containing  sliver  ocreeaa.  Figure  30  is  an  eft  view  of  the  interior  of 
the  chamber  just  downstream  of  Che  catalyst  peck.  Mete  the  silver  spattered 
on  tha  salt  orifice  plate.  Also,  observe  the  thermocouples  that  protrude 
Into  the  chamber  to  mweeure  the  temperature  gradient  of  the  gea. 
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b.  Teat  1.2-01-MC-002 

(U)  The  aala  objective  of  the  Mtani  teat  was  to  demonstrate 

the  capability  of  the  low- throughput  preburner  to  operate  at  a  throughput  of 
61  pals,  corresponding  to  aa  djOj/Alwelslao-Al  olxturr*  ratio  of  1.0.  This 
objective  waa  aat.  Teat  results  are  ah  owe  la  Table  XI  and  Figures  23  sad  24. 

(C)  The  p  re  burner  waa  sequenced  la  the  a  ewe  manner  aa  la 

Teat  001.  A  aaw  turbine  simulator,  realaed  for  the  lacreeaed  flow  rata,  waa 
uaad.  A  pressure  drop  of  1017  to  1020  pel  through  the  alaulator  waa  obtained. 
Thla  produced  e  secondary  cheaber  pressure  of  2908  to  2917  pole.  Cheaber 
preeaura  downstream  of  tho  catalyst  pack  remained  at  about  AS33  pala,  during 
the  5.18  aoc  of  steady-etaea  oparatloa.  Tba  aealaua  dacoapoeltlon  toaperatura 
waa  17  M?r. 

(U)  The  slightly  higher  pressure  drop  through  the  turbine 

alaulator  elao  accounts  for  the  leaser  throughput  obtained.  However,  a  through¬ 
put  of  59  pala  (lnetead  of  61  pala)  la  ecoaldared  sufficient  for  daaMatratlng 
sat  la  factory  p  reburner  operation  at  or  near  aa  oxldlaar  flow  rata  corresponding 
to  a  alature  ratio  of  1.0. 


c.  Teat  1.2-01-AAC-C03 

(U)  The  objectives  of  thla  toat  were  to  chock  out  outoaatlc 

operation  of  the  preburner  firing  sequence  and  tc  evaluate  the  affect*  of 
locating  the  turbine  alaulator  closer  to  the  catalyst  puck.  The  teat  waa 
conducted  satisfactorily  with  the  low- throughput  park,  at  a  throughput  of  about 
59  peln. 

(U)  Completely  automatic  operation  includes  the  low-pressure 

»nd  low-flow  bypass  of  tha  wain  propellant  valve  In  tho  engine  sequence.  The 
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bypeaa  flow  mi  sequenced  to  continue  for  2.5  aac  after  the  ehruet-chanbar 
pressure  switch  cloeed  at  260  paia.  Thia  tine  delay  waa  selected  on  tha  basis 
of  raaulta  obtained  la  Taata  001  and  002,  which  a  bowed  that  a  pat1*  temperature 
of  at  leaet  16O0*F  wet  reached  after  thia  tine  interval.  Thia  tenparature 
ensures  that  IjOj  decomposition  exceed lap  BOX  baa  occurred,  thua  reducing  the 
possibility  of  flawout  during  ataging  to  full  flow  and  preaeura. 

(U)  The  tut  bine  simulator  wee  moved  upstream  to  a  position 

closer  to  the  catalyst  pack  (at  the  beau  of  the  catalyst-pack  (routing)  boceuee 
of  turbulonce  noted  on  Teate  001  and  002  juac  downatraaa  of  the  orifice  plela. 
This  turbulence  could  ceuoe  unfavorable  recirculation  pattern  end  poor 
mixture  ratio  dlatributlon  in  the  eecondary  Injector  during  atnged-combuacion 
tenting. 

(C)  Decomposition  tanperaturoa  of  1792  and  179**9  and  chamber 

praaaurea  of  4656  to  6477  pole  were  achieved  over  e  steady-state  period  of 
5.11  sec.  Howovor,  secondary  chafer  praeaure  (FOFC-2,  figure  25)  increaeed 
from  2*96  to  3001  pels  over  the  first  2.5  eec  of  ataady-atate  operation 
bafora  stabilising.  Preaaura  drop  acroae  the  orifice  plate  fell  correspondingly, 
fron  15*1  to  1456  pal.  Flow  (MO-1,  Figure  25)  alee  increased  from  31.*  to 
32.7  lb*/ eec.  As  later  damona traced  in  Teat  003,  described  subsequently,  thia 
behavior  waa  corrected  by  subjecting  the  turbine  alaulator  to  a  longer  preheat 
during  tba  peroxide  ^ypena  cycle  of  the  sequence.  Apparently,  dlaenslonal 
changes  in  the  alaulator  orifices  occurred  during  transient  heating  (which  is 
atill  present  during  e  portion  of  the  cheaber  steady-state  period)  end  caused 
flow  and  pre» lure-drop  variations. 

(U)  Following  this  test,  tha  hardware  wee  dlaesse*bl«d  and 

exaalnad.  The  turbine  alaulator  and  tha  catalyst  aft  orifice  plat*  and  Its 
rupport  were  plated  with  eilvar  in  a  Banner  similar  to  that  observed  on 
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Tast  001.  The  inlet  plitc  (Figure  31)  shoved  the  effect*  of  allowing  the  pack 
to  cool  down  by  natural  convection.  Re*c  souk-back  occurred  and  produced 
characteristic  discoloration  at  the  plate,  u  shown.  (After  the  peck  wee 
cooled  to  about  300*F,  10  Ml  of  distilled  water  waa  flushed  through  Che 
prebumer  to  remove  residual  peroxide. y  The  Teflon  Oaring  used  to  seal  tha 
pack  lnlat  Plata  to  the  heuaing  waa  not  fotad,  and  probably  melted  after  the 
first  test.  Absence  of  the  ring  eppsrently  did  not  effect  the  opereclon  of 
the  prebucuer  on  Teete  002  end  003.  A  posttest  photograph  of  tha  catalyst 
peck  ie  shown  in  Figure  32.  Note  the  flew  of  silver  (light  trees)  around 
tha  periphary  of  the  peck  and  in  the  vicinity  *f  the  antl-chanaelbsffles. 

Tha  pack  alao  bora  evidence  of  soae  ocldetloo,  evidently  reused  by  the  water 
purge  end  by  condeneetlon.  (The  peck  disaster  la  6.30  in.) 

d.  Teat  1.2-01-AAC-00* 

(C)  The  principal  objective  of  thla  cast  waa  to  danonstrate 

aatlafactory  operation  of  the  high-throughput  catalyst  peck  at  CO  pain.  The 
teat  waa  aatlafactory,  with  e  steady-state  period  of  3.30  see,  a  pressure  of 
4400  psla,  and  pack  daconposition  temperature*  of  1 742  to  1732*F.  Throughput 
waa  about  82  pain,  which  would  result  in  e  91X  H^/Alunialrie-O  mixture 
ratio  of  0.3  for  an  advanced  engine  utilising  thase  propellants. 

(U)  Preasuvt-drop  variations  through  the  turbine  simulator 

also  occurred  in  this  test,  but  were  not  as  pronounced  as  on  the  previous  test 
(see  Figure  26,  POCF-T  end  POFC-2). 

(U)  Ou  this  test,  post  test  purge  with  nitrogen  gas  (N^)  was 

substituted  for  tl.e  cooling  down  and  diatlllad-watar  purge  used  on  the  previous 
three  teats.  The  purge  wee  successful  In  allmlnstlng  overhestlng  of  the 

puck. 
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(C)  Thermocouple*  wore  located  In  the  chamber  About  S  In. 

downstream  of  the  turbine  simulator  (at  depth*  equal  to  a  quarter  radius,  a 
half  radlua,  and  a  full  radlua  into  the  chamber)  in  the  a am*  radial  plan 
(TOPC-6,  5,  and  4,  Figure  11)  to  decemlne  If  any  tamparature  gradient  cccuri 
ecroae  the  chamber.  The  temperature*  at  cha  half-radius  and  full-radius 
thermocouples  were  eaaent tally  aqual  throughout  cha  run.  During  dlaaaemoly 
of  the  hardware  after  the  teat,  it  woe  found  that  the  quarter- radlua  thermo¬ 
couple  did  not  protrude  Into  the  chamber,  and  therefore  recorded  only  the 
temperature  of  the  natal  wall. 

(U)  Son  lov-froquancy  perturbation*  were  encountered  during 

thle  teat,  aa  Indicated  by  the  preaaure  trace*  In  Figure  26.  It  vat  deter¬ 
mined  that  pack  compression  waa  not  maintained  when  the  pack  waa  lnatallad  Into 
th*  chamber  because  of  a  machining  deficiency  In  the  houalng  and  manifold. 

The  loaa  of  pack  comp  re  ti  Ion  waa  cooaidared  to  be  the  probable  cauaa  of  the 
mild  low-frequency  perturbations  observed. 

a.  Teat  1.2-01-AAC-005 

(C)  Thla  teat  waa  performed  to  denono Crete  (he  performance 

of  the  hi ^h 'throughput  catalyse  pack  at  a  throughput  of  123  palm,  corresponding 
to  a  98X  d^/Alunltlnn-O  nlmturc  ratio  of  1.0.  tn  addition,  an  attempt  vua 
made  to  corract  the  preaaure- drop  variation  in  the  curb lne-a Initiator  orifice 
plate  by  lengthening  the  duration  of  Cha  bypaae  flew  of  fro*  2.5  to 

7.5  sec  after  actuation  of  the  low-pressure  thru* t-chaaber  pressure  twitch. 

Aa  nmntloned  previously,  thla  produced  an  essentially  constant  pressure  drop 
(1458  to  1 A 73  pst)  through  the  orifice  plats  over  the  entire  steady-state 
period.  Therefore,  it  esa  be  concluded  that  the  turbine  simulator  requires 
somewhera  between  2.5  to  7.5  sac  of  prehaat  to  atablllta  tha  orifice  site 
and  thereby  ensure  constant  flow  and  praasura  drop. 
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(U)  During  rh«  test,  two  periods  of  low-frequency  Instability 

(or  chugging)  were  encountered.  The  first  of  these  occurred  during  staging  to 
operating  pressure  (see  figure  27).  The  frequency  wee  45  epe,  with  peak-to-peek 
pressure  fluctuations  of  300  pel  in  the  inlet  manifold  to  the  cetelyst  peck  as 
well  as  Just  downstream  of  the  peck.  The  instability  appeared  to  have  originated 
in  the  catelyat  pack,  which  dieplayed  an  inordinately  high  pressure  drop 
compared  to  previous  teat  results  (saw  Traces  2  and  4  in  Figure  27).  The 
oaesured  pressure  drop  if.  the  etert  of  ateadyetete  operation  was  350  pal  and 
this  leveled  uff  to  300  pel  approximately  2  aec  later.  At  this  point,  n  second 
instability  was  initiated  and  continued  for  the  reaulnder  of  the  test  at  a 
frequency  of  100  cps.  This  ie  discussed  in  Paragraph  3,c,  below. 

(U)  The  high  pressure  drop  through  the  catalyst  peck  was  caused 

by  the  installation  of  a  greater  nunbar  of  screens  (which  had  been  added  to  the 
peck  to  i «p rove  activity),  in  combination  with  recoepreselon  of  the  total  pack. 
Since  the  final  compression  wee  greater  than  that  of  a  pack  with  now  screens 
only,  this  increased  compression  caused  more  flow  reetrlctlon.  Pack  modifica¬ 
tions  and  conqiosltlon  are  discussed  in  Paragraph  5, a,  below. 

(C)  A  throughput  of  108  psim  wee  attained  over  e  steady-state 

period  oi  5.41  esc.  Because  of  the  high  pressure  drop  through  the  catalyst  pack, 
chauber  pressure  was  only  4145  to  4224  pale  and  secondary  pressure  was 
correspondingly  lower,  2681  to  2751  pale.  The  remaining  parameters  are 
summarized  In  Table  II  and  figure  27. 

last  Pan  Anilmi 

a.  Catalyst  Performance  Results 

(l!)  The  first  three  tests  utilised  the  low-throughput  catalyst 

pack  shown  In  Figure  33.  Thla  pack  was  compacted  at  4000  pul.  The  pack  allowed 
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sods  drop-off  In  Initiation  activity  (Table  III)  but  apparently  lost  none  of 
its  operating  activity,  as  Indicated  by  similar  decomposition  profiles  across 
the  pack  frost  teat  to  teat.  It  Is  possible  that  the  drop-off  In  initiation 
activity  may  have  been  caused  by  the  presence  of  residual  purge  water.  (Te.i 
gallons  of  water  were  passed  through  the  hardware  after  testing  to  remove  any 
residual  The  water  also  left  a  deposit  of  rust  on  the  chamber  wall, 

on  portions  of  the  pack,  and  on  the  inlet  and  outlet  plataa.  Figure  33  also 
shows  the  temperature  profiles  across  tha  pack  for  the  three  tests. 

(U)  Tha  pressure  drop  through  tha  low -throughput  pack  was 

very  low  end  remained  nearly  constant  during  operation.  This  probably  was  the 
result  of  the  peck's  taiiqua  design  feature*  ell  active  screens,  which  are 
relatively  soft,  were  alternated  with  relatively  hard  nickel-manganese  screens. 
This  lamination  apparently  prevented  any  cohesion  (or  flow)  of  the  soft  natal 
at  the  high  operating  temperatures,  which  would  otherwise  tend  to  plug  tha 
pack  and  result  in  increased  pressure  drop.  Also,  the  absence  of  any  low- 
frequency  oscillations  on  the  second  end  third  tests  Indicates  that  peck 
compaction  and  integrity  were  melacelned. 

(U)  The  high-throughput  catalyst  pack  used  for  Test  004  was 

constructed  t.  shown  In  Figure  34.  It  should  be  noted  that  none  of  the  more 
active  Agelte-225  screens,  which  were  used  in  the  low-throughput  catalyst  peck, 
were  used  In  this  peck.  These  screens  were  unavailable  when  the  test  wee 
prepared. 

(U)  Tha  pack  performed  satisfactorily  with  the  low  starting 

flow,  and  a  cenperature  profile  wee  established  with  the  maximum  at  Thermo¬ 
couple  4.  However,  as  flow  and  pressure  were  Increased,  tvnperaturc  at  the 
first  three  thermocouple  locations  In  the  peck  declined.  This  continued  over 
the  balance  of  the  steady-state  period,  as  shown  in  Figure  34.  It  was 
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be* laved  that  had  Che  sore  active  Ageite-225  acreeui  been  present  the  changes 
in  temperature  profile  during  the  steady-state  period  at  thle  teat  could  have 
been  avoided. 

OJ)  Because  of  the  dec opposition- temperature  drop  In  the 

active  portion  of  the  peck  (as  opposed  to  the  experience  with  the  low- 
throughput  pack),  it  wae  decided  te  odd  five  Agelte-223  screens,  which  were 
reported  by  FMC  to  be  more  active  then  Ageite-220.  Too  more  Agslte-220 
screens  were  else  added,  bringing  the  total  aumbev  of  active  screens  to  4* 
compared  with  39  on  Teat  004  (see  Figure  33). 

(U>  The  new  screens  together  with  the  used  peck  ware  re- 

comprewsed.  In  addition,  e  bolt  torque  in  excess  of  that  used  on  previous 
assemblies  wee  required  to  install  the  peck  in  the  dumber.  Consequently, 

the  increased  bolt  torque  together  with  the  precompreaeed  condition  of  the 
peck  caused  excessive  peck  compression  and  resulted  in  an  !?**•»»»•  in  the  peck- 
pressure  drops  the  mexlasmi  temperature  station  shifted  to  Thermocouple  3. 

b.  Catalyst  Performance  Analysis 

(V)  Decomposition  cf  HjOj  la  s  catalyst  pack  is  initiated 

at  the  pack  entrance  end  progress**  to  completion  as  a  function  of  throughput, 
pressure  drop,  static  pressure,  and  catalyst  depth. 

♦ 

<U)  The  location  of  complata  decomposite  t  e*o  he  predicted 

in  terms  of  catalyst  length  as  shown  In  Iquatlon  1, 

(Eq  1) 


(12)  Note:  For  Test  004,  the  coapraaslon  of  the  pack  in  the  chamber  was  1 
than  3000  pal  bacauea  of  an  arror  in  machining  the  aeal-gland 
aurfacae. 
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where  I  refare  co  cha  distance  from  tha  pack  entrance  to  the  location  of 
maximum  gaa  temperature,  TP  la  tha  throughput  In  palm,  P  le  tha  chamber  proa- 
aura  In  paia,  end  aubacrlpta  1  and  2  refer  to  two  different  operating  condition*. 
Other  factor* ,  such  aa  peck  compreaalon,  can  modify  tha  reault  of  Equation  1, 
aa  daacrlbad  below. 

(U)  It  la  Incarnating  to  conger*  the  obeerved  increeea  in 

L  during  tha  taat  aorlaa,  through  the  uea  of  the  reletlonehip  (Equation  1) 
developed  during  Phaa*  X  of  the  progran  (Bet.  1).  Coaplat*  decomposition 
occurred  between  0.5  and  0.7  in.  (figure  33)  la  Teeta  001,  002,  end  003. 
Daconpoalelon  In  Taat  004  waa  complete  between  1.0  and  1.2  in.  (figure  34), 
end  In  Teat  005,  decomposition  waa  complete  between  0.75  and  0.9  in.  (figure  35). 
Tha  exact  point  of  coaplata  decomposition  la  not  known.  Therefore,  because 
Equation  1  la  only  an  approximation ,  tha  location  of  tha  thamocouple  reading 
naxinun  temperature  waa  choaaa  a a  tha  paint  of  coeplete  dacompoaltlon  for  tha 
calculation.  Uaing  tha  data  from  Teeta  002  and  004,  tha  predicted  L  for 
Taat  004  la  calculated  to  ha  1.24  in.,  what*  L  U  la  good  agreement  with  that 
found  experimentally .  However,  the  predicted  length  for  Teat  005  wee  3.8  In. 
and  la  in  conaldarabla  error  f ran  that  found  .tsparlaantally .  The  following 
table  give*  the  experimental  data  used  in  tha  calculations i 


it  Mo. 

TP„  palm 

Fc,  paia 

4P  ,  pal 
cp 

001 

48.7 

4426 

32 

0.7 

002 

58.9 

4534 

34 

0.7 

003 

59.4 

4454 

27 

0.7 

004 

82.1 

4400 

32 

1.2 

005 

106.0 

4209 

298 

0.9 
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(U)  Two  probable  explanation*  for  tha  discrepancy  In 

Test  005  can  ba  found  by  again  reviewing  tha  results  obtalnad  In  the  subscalc 
catalyst  program  of  Phase  Xi  (1)  When  tha  length  of  tha  subacale  catalyst  was 
lass  or  aqual  to  1.2  In..,  tha  pack-pressure  drop  was  essentially  constant 
between  30  and  70  pals;  however,  whea  the  catalyst  was  longar  or  aqual  to 
1.5  In.,  the  preaiure  drop  waa  2C0  to  300  pal.  This  Indicates  a  discontinuity 
In  tha  ralatlonshlp  between  catalyst  length  end  preeeura  drop,  that  la,  a 
catalyst  pack  can  ba  too  long.  (2)  Whan  tha  subacale  catalyae  pack  waa  ra- 
comprssaed  aftar  use ,  tha  "effective"  compaction  of  the  screens  waa  aaich 
greater  than  Intended,  because  of  tha  softening  of  tha  acreena  with  use .  For 
example,  a  3.1-ln.-long  pacts  decreased  la  length  wy  0.44  in.  <14X)  after  one 
firing  and  after  re compress  Ion  to  4000  pal.  The  pressure  drop  of  the  cetelyst 
Increased  twofold  In  this  case. 

(U)  Tha  similarity  between  the  aubacale  testa  and  Teat  004 

lies  in  tha  fact  that  additional  acreena  ware  added  in  Toed  003  to  lengthen 
the  pack  and  that  tha  used  acreena  had  been  racompreaaad.  I  t  fore  Teat  003  the 
screens  wire  compressed  to  about  4000  pel.  However,  the  effective  compaction 
of  the  used  screens,  ea  Indicated  by  subacale  teat  results,  was  much  higher. 

A  definite  discontinuity  therefore  existed  In  the  catalyat  bed  of  Teat  005. 

The  seven  new  cecelyet  acreena  upstream  In  the  bed  were  at  4000 -pal  compaction, 
whereas  the  remaining  39  ecteene  were  at  a  much  higher  effective  compaction. 

The  resistance  to  flow  of  liquid  and  gee  through  the  peck  thus  Increased  in  the 
Initial  portion  of  the  catalyst,  poailbly  elding  In  the  chugging  observed. 

(U)  The  high  preeeura  drop  in  Test  003  can,  therefore,  be 

explained  by  on-  or  both  of  the  following  factors:  (l)  excasslve  numbs r  of 
cMalyst  scrusna,  and/or  (2)  high  pack  compression.  Tha  inconsistency  in  the 
length  calculations  la  thus  explained  as  a  result  of  excasslve  changes  in  pack 
geometry  and  does  not  reflect  upon  the  validity  of  the  equation. 
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c.  Preburnsr  Taat  Combustion  Instability 

(U)  An  analysis  mi  conducted  to  investigate  tha  cauaa  of  a 

low-frequency  Instability  which  occurred  during  Taat  1.2-01-AAC-005.  An 
examination  of  tha  oadllograpto  records  Indicated  that  tha  instability  was 
coupled  to  tha  decomposition  process  and  to  tha  fssd  system.  During  atartlni 
at  low  flow  and  low  chasbar  pressure,  the  observed  instability  frequency  was 
45  to  55  cps.  After  the  esln  thrust  cl.am/er  valve  was  opened  and  a  higher 
eteady-etata  chaebar  praaeura  was  och laved,  tha  frequency  Increased  to  100  cps 
Tha  source  of  ryatae  axel tat loo  appeared  to  be  located  in  or  near  the  catalyst 
pack  where  both  pa raws tar*  POJ-PB  and  POCP-7 ,  located  on  tha  upstream  and 
downstream  end  of  the  pack,  respectively,  showed  the  highest  aeplltudss  of 
oscillation.  Both  POJ-PB  and  POCP-7  ware  ln-phaea  and  lad  tha  other,  eonltored 
fecd-ayatea  prcaaurea  (PO PC-2,  POPC-6,  P0PW-3,  POTCV,  and  POT)  during  the 
100-cpe  oac Illation,  (See  Figure  13  for  paraMter  locations.)  * 

(U)  To  gala  some  lnalght  into  the  problem,  a  simplified 

analysis  was  par formed  aaaumlng  a  low-frequency  coquet  Ion  stability  modal  for 
the  preburnar.  Aa  shown  in  Figure  36,  Z^  represent «  tha  distributed-parameter 
Impedance  properties  of  tha  chamber  and  nossla  just  downetreem  of  the  catalyst 
pack  and  Yfl  rspressnts  tha  dlatrlbuted-paremster  edmittanca  properties  of  che 
feed-syutem  upstream  of  the  catalyst  peck.  The  unknown  block  In  the  loop  is 
assumed  to  bo  a  catelyet-peck  reaction  gain  end  an  associated  transport  time. 
The  chamber  Impedance,  Z  ,  and  tha  feed-system  admittance,  T  ,  were  then 

L  O 

evaluated  at  tha  observed  Instability  frequency  of  100  cpa.  Tha  gain  end  the 
phase  of  the  product  were  then  obtained.  The  additional  open- loop  gain 

and  the  phase  lag  necaseaary  to  make  the  system  unstable  were  assumed  to  be 
provided  by  tha  catalyst-pack  reaction  procats,  which  la  assumed  to  have  tha 

-T  S 

form  Ke  1  .  in  this  cess,  K  is  the  gain,  S  la  tha  LaPlaclan  variable,  and 
1  ls  the  transport -time  delay  required  to  yield  a  particular  phase  lag  at 
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at  100  cpa 


PARAMETER 

LOCATION 

PoT 

■ 

4790  pala 

TANK  PRESSURE 

POJPB 

■ 

4470  pala 

UPSTREAM  OF  CATALYST  PACK 

POCP7 

• 

4230  pala 

DOWNSTREAM  OF  CATALYST  PACK 

POPC2 

m 

2740  pilt 

DOWNSTREAM  Or  TURBINE  ORIFICE 

w 

T 

K 

30  Ib/aac 
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100  cps.  The  product  Z.Y  wee  found  Co  be  (1/66.2)  /5.9*,  end  thue  the 

le  O 

necesaary  gain,  K,  Is  66.2  at  100  cpa.  Because  the  phase  lag  oust  be  >180*, 
the  necessary  phase  shift  Is  >183.9*.  The  transport- tine  delay,  t^, 
corresponding  to  >183.9*  at  100  cpa,  eaa  be  eoaputed  fro*  the  ratio  of  the 
phase  (In  radians)  to  the  observed  frequency  (la  radiaae/sacond) .  This 
results  In  a  value  for  of  3.13  *  10"^  «ec,  which  is  not  unreasonable 
since  this  corrssponds  roughly  to  the  tlaa  required  for  tho  to  traverse 
the  catalyst  pack  st  tha  obsarved  steady-state  flow  rats. 

(U)  from  tha  prscedln*  calculations  it  is  concluded  that 

preburnsr  chugging  awy  be  attributed  to  e  machanlsn  similar  to  that  which 
sustains  lov-frsqusncy  Instability  In  conventional  blpropellanc  engines. 

The  neceeeary  espllflcetlon  of  presaure  perturbations  say  be  a  reault  of  the 
decomposition  process,  whereas  tha  transport -tics  delay  was  probably  cauaad 
by  phaaa-shlftlng.  A  brief  literature  search  disclosed  little  about  tha  dynamic 
behavior  of  dacacpoaltlou  In  a  catalytic  pack.  Further  Investigations  Into 
the  dynamic  response  of  catalytic  reactions  will  tharefore  be  required  before 
the  above  concepts  can  be  applied  in  e  stability  analysis.  In  gsnsral, 
however,  Increasing  the  chamber  volume  or  Increasing  tha  fead  systam  prasaurs 
drop  would  be  helpful  In  reducing  the  probability  of  low-frequency  Instability. 
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SECTION  IV 

STAGED- COMBUSTION  EVALUATION 

A,  PROCRAM  OBJECTIVES  AND  APPROACH 

(U)  The  principal  objective  of  the  staged-combustion  portion  of  the 

program  vaa  to  demonstrate  (at  20,000  lbf  thrust)  the  feasibility  of  the 
staged  combustion  of  982  and  Alumislne-43  at  a  chamber  pressure  of 
3000  pal.  Secondary  objectives  included  evaluation  of  two  Injector  concepts, 
realization  of  at  least  872  of  theoretical  specific  Impulse  (this  was  a 
program  goal),  the  gathering  of  tranalent-baat-flux  data  in  critical  combus¬ 
tion  chamber  areaa,  and  comparison  of  performance  at  two  characteristic 
chamber  lengths,  40-la.  L*  and  70-ia.  L*.  Lata  la  the  program,  when  it 
became  evident  that  the  scope  of  testing  could  be  enlarged,  an  additional 
objective,  the  demonstration  of  the  combustion  of  902  with  Alumlslne-43, 
was  also  undertaken. 

(U)  Uncooled  hardwire  wee  designed  and  fabrlcatad  for  the  at aged - 

combustion  evaluation  becausa  only  short-duration  (1  to  2  sec)  tasts  wars 
planned.  This  permitted  the  construction  of  rugged  end  dependable  hardware. 
Ablative  materials  were  used  in  the  chamber  section,  in  the  entry  section  to 
the  throat,  end  in  the  exit  cone.  The  solid  end  segmented  throat  as  well  as 
the  heat-flux  transducer  ringe  were  suds  from  silver-infiltrated  tungsten. 

(U)  It  wee  the  Intent  of  the  program  to  evaluate  propellent  combuatlon 

performance  end  heat-flux  character latlcs,  not  hardware  or  materials. 
Therefore,  materlale  selection  wea  limited  to  those  materials  which  had  a 
proven  history  of  oorvlca  in  similar  metal-bearing  and  hlgh-preeaura  combus¬ 
tion  environments. 
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iV,  A,  Program  Objectives  end  Approach  (cont.) 

(l:)  However,  when  It  became  apparent,  through  theoretical  investiga¬ 

tion  of  the  effect  of  mixture  ratio  upon  performance,  that  higher  HR's  might 
cause  excessive  tungsten  erosion,  this  phenomenon  was  thoroughly  investigated. 
The  investigation  showed  that  tha  thrust  chamber  could  b«  operated  safely  up 
to  an  MR  «  1.0  without  significant  arosian  of  tungsten.  The  performance 
investigation  shoved  higher  performance  wea  favored  by  mixture  retlos  in 
excese  of  the  theoretical  optimum,  0.5.  Theee  two  investigations  ere  discussed 
in  tha  following  section. 

f  (U)  Three  Injector  configurations  were  designed,  and  two  were 

subsequently  selected  for  fabrication  and  evaluation.  .  Each  of  the  three 
concepts  employed  widely  diverse  injection  modes  that  were  evolved  from 
previous  metellsed  propellent  and  high-pressure  etaged-combuetlon  programs 
conducted  at  Aerojet-General  Corporation. 

(U)  Performance  deem  derived  from  the  teats  (digitised  by  an  analog-to- 

dlgltal  computar  program,  ADC)  were  compared  Co  theoretical  performance  values 
<Is,  c*.  Cp)  by  an  Aarojat  performance  comparator  pregram.  Thasa  valuaa  wars 

4  then  further  analysed  by  the  Interaction  theory  method  to  identify  tha 

principal  loasaa  attributed  to  such  parameters  as  friction,  geometry,  heat, 
energy  release,  mixture-ratio  distribution,  kinetics,  gas  particle  flow,  and 
-ass  distribution. 

< 

(U)  Temperature  data  derived  from  the  heat-flux  transducers  were  also 

analyzed  to  Identify  the  heat  flux  at  critical  locations  in  the  chamber  and 
nozzle . 
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:v,  Staged-Combuetion  Evaluation  (coot.) 

B.  TECHNICAL  DISCUSSION 

(U)  The  mm  philosophy  of  design  ••  shot  uMd  for  the  preburner 

governed  th«  design  of  the  secondary  conbustor  components.  The  mm  Mala , 
bolts,  bolt  hols  circles,  ate.,  wars  usod  aa  such  aa  possible  to  aalatsln  a 
maxima  in  flexibility  and  interchangeability  and  to  reduce  the  expense  of 
procuteMot  cad  fabrication  to  a  a  ini  sue.  The  Coeoaeel  joints  used  on  the 
preburnar  were  not  necessary  oo  the  aacoedary  coebuator,  a  lace  the  secondary 
coebustor  operated  at  3000  pals  or  lasa.  O-rlng  joints  were  found  to  b: 
Mtlafactory  and  resulted  in  a  significant  savings  In  seal  cost. 

(U)  TIm  hardware  designed  and  fabricatad  during  this  portion  of 

the  prograa  included  Injectors,  steal  housings  and  ablet 1 vs  liners  for  the 
chanter,  throat  entry  section  and  exit  cons,  tungstaa  throats,  and  tungatan 
heat 'flux  transducers  - 

(U)  Thrust  chamber  aaaaaibly  design  paranatars  are  praaantad  in 

Table  IV. 

a.  Injector  Design 

(U)  Three  basic  Injector  configurations  wars  designed.  Each 

design  was  unique  within  ltMlf  end  embodied  design  features  that  ware  evolved 
fro«  previous  etaged-conbustlon  and  lap  roved  Titan  technology  (Ref.  7).  Two 
designs  were  selected  for  evaluation  during  Phase  II.  The  vane-type  Injector 
was  the  primary  selection  and  the  tubular  injector  the  secondary  selection. 

The  multi-nozzle  Injector  wae  a  backup  dMlgn. 
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TABLE  IV 

20  ,000-LBF  STAGED- COMBUSTION  ENGINE  DESIGN  PARAMETERS 
H202/Alu*ittna-A3 


Parameter 

Svmbol 

Mi 

Value 

Thrust 

F 

lb 

20,000 

Specific  impulse 

r. 

sec 

302.8 

Efficiency,  specific  impulse 

nI. 

X 

94 

Weight  flow  total 

*T 

lb/eec 

66. OS 

Mixture  ratio 

MR 

— 

0.5 

Total  oxldlser  flow 

VI 

o 

lb /sec 

22,02 

Total  fuel  flow 

lb/sec 

44.03 

Secondary  chamber  pressure 

pale 

3000 

Characteristic  velocity 

C* 

ft /sec 

5755 

Efficiency,  combustion 

nc 

Z 

96 

Efficiency,  noctle 

n 

not 

Z 

98 

Pressure  rates 

v\ 

— 

65 

Area  ratio 

— 

10 

Area,  throat 

\ 

in.2 

3.94 

Diameter,  throat 

Dt 

In. 

2.24 

Thrust  coefficient 

cf 

— 

1.69 
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(U)  Tb*  injector  housings  war*  designed  to  permit  the 

insertion  of  any  nimbar  of  injector  configuration*  Into  tha  houalng  with  a 
minimum  of  modification.  Tha  fual  manifold  vaa  daalgnad  to  ha  removable  to 
permit  lr.apactlon  aftar  firing*  and  to  allow  removal  of  any  raaldual  Alwiilne 
deposits.  Detail*  of  this  arrangement  am  *hovn  In  Figure  37. 

The  injector  fual  circuit*  vara  hydraulically  calibrated 
with  water  to  determine  chair  flow  coefficient*.  The  relationship  used  waa: 


where 


*W  "  Sp.C  x  AP 

Ky  •  flow  coefficient 

A?  ■  praaaure  drop,  pa4 

SpC  •  specific  gravity 

w  «  weight  flow  rete,  lbm/eec 


(K<1  2) 


The  Ky  flow  coefficient  wee  then  modified  by  multiplying  by  0.9  to  conform  to 
reaulte  that  were  statistically  determined  for  uee  with  Aliwfslne  during  the 
Improved  Titan  Program  (Kef.  7).  These  results  ere  presented  In  Plgure  3ft. 


(1)  Tubular  Injector 


(U)  The  tubular  injector  consisted  of  44  constant- 

diameter  tubas  through  which  Altaslaina  was  axially  Introduced  Into  the 
combustion  chamber.  Eech  cube  entered  the  chamber  perpendicularly  to  the 
chamber  exl*  and  than  turned  90*  to  form  the  desired  axial  pattern.  Tha 
injector  la  shown  in  Figure  39. 

(U)  Fuel  velocity  through  each  tube  waa  60  ft/aec;  this 

increased  to  123  ft/acc  at  tha  Injactor  faca  by  using  predrlUad  orifice 
plugs  inserted  -  In  tha  tuba  ends.  The  total  pressure  drop  waa  about  400  pal; 
thus  the  injector  was  adequately  decoupled  from  the  fuel  feed  system. 
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Report  107B5-F,  Phase  II 
IV,  B,  technical  Discussion  (coat.) 

(U)  Ths  fuel  Cubes  wars  supported  and  attached  to  the 

outer  structure  to  mlnlaise  thermal  stresses  during  firing,  these  supports 
also  protected  the  tubes  from  direct  oxldlter  Impingement  end  resulting 
heating.  As  shown  in  Figure  39,  tbs  fuel  tubes  end  their  support  structure 
offered  low  blockage  to  geeeous  oaldlser  flow.  The  flow  araa  was  5*.6X  of  the 
total  available  area. 

(U)  Mixture-ratio  distribution  across  the  face  of  this 

Injector  wee  designed  to  be  uniform  et  an  oxldlear-to-fuel  weight  flow  ratio 
of  O.S. 


(2)  Muitl-Mosala  Injector 

(U)  Ths  second  Injector  design,  e  multi-moss Is  concept. 

Is  shown  in  Figure  40.  The  basic  philosophy,  which  influenced  the  selection 
of  thla  concept,  wse  to  provide  a  high-velocity  low-pressure-drop  onldleer 
circuit  to  obtain  decoupling  of  toe  secondary  combustor  from  the  preburner. 

The  face  includes  e  couvergeat  entrance  section  and  e  divergent  exit  section. 
The  gee  velocity  Increases  from  47  to  760  fr/anc  through  the  throat  of  the  gee 
Injection  noeilea.  Pressure  recovery  use  anticipated  to  be  97X  at  Injection 
because  of  favorable  entry  end  exit  conditions. 

(U)  The  fuel  aide  is  decoupled  by  the  pressure  drop 

serosa  the  injector  orifices.  Ac  the  deelgn  fuel  flow  rets  of  44  lb/sac,  this 
pressure  drop  was  calculated  to  be  400  pel.  The  fuel  manifold  velocity  was 
estimated  at  60  ft/eec.  The  fuel  la  sMnlfolded  by  crose-drllllng  from  the 
periphery.  The  fuel  is  Injected  In  ehowerheed  fashion  through  tubes  extending 
0.25  In.  froa  the  trailing  edge  of  the  gee  ooctlee.  Four  tubee  ere  locstad 
•i round  each  oxldlser-lnjectlon  noisle. 
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w')  Tha  cross  aaction  stay  appear  to  be  quite  cotaplax 

for  design  and  manufacturing,  iiowevar,  fabrication  may  aaally  ba  accomplished 
by  conical  nilllng  of  tha  nottlaa.  The  ovarlap  of  adjacent  euca  forma  tha 
configuration.  Tha  structure  a Soul d  not  present  any  fchermal-ahock  or  theraal- 
expaoaion  problems  because  of  its  geonetrlc  ahapa.  Also,  tha  atructura  la 
cooled  by  tha  fual  flow. 

(3)  Vane-Type  In) actor 

(U)  A  waa-typa  inj actor  similar  to  that  taotad  In 

anothar  at  aged-combustion  program  waa  designed.  This  inj  actor  daolgn  wr.a  tha 
primary  configuration  for  Phane-II  ataged-coabuetlon  taatlng.  Tha  Injector, 
shown  in  Figures  41  and  42,  consisted  of  36  cant Hava rad  venea  with  11  small 
Muaizlne-43  Injection  tubaa  located  on  tha  trailing  edge  of  aach  vane.  Thla 
gava  a  total  of  396  Mualaina  injection  tubaa.  Ttta  venae  wave  alcad  and 
spaced  carefully  to  obtain  an  open  area  of  33  Co  40X  through  which  tha 
oxidizer  flowa.  Tha  actual  calculated  open  nu  obtained  waa  a  nominal  36. 5X. 
Oxidizer  velocity  through  thla  area  at  1750*F  and  3000  pain  waa  calculated  to 
ba  about  15'  cf./'OC. 

(U)  Tha  nixtura  ratio  acroae  tha  fiucm  at  tha  injector, 

as  originally  daalgnad,  waa  conatanc.  Thla  waa  accoupllahed  by  flrat  dividing 
tha  area  acroae  tha  ejection  plana  lf;»;o  tan  equal  concentric  arena.  Thaaa 
areas  ware  fu'thav  divided  geometrically  Into  eubaraaa.  Fuel  waa  distributed 
by  orienting  fual  tubaa  to  tha  center  of  each  geometric  aubaraa.  Tha  tubas 
were,  in  turn,  altad  according  co  tha  percent  of  area  at  aach  respective 
location  and  bent  where  necessary  to  roach  the  geometric  cantor. 

(")  Tha  vanaa  vara  produced  froa  castings  node  of 

F  ,  3c 7  ntalnlaes  steel. 
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:v,  R,  Technical  DLscusaion  (cont.) 

(U)  During  hydraulic  calibration  of  thla  injector, 

it  was  discovered  that  tha  fual  circuit  had  an  excessively  high  praaaura 
drop .  The  high  L/D  of  the  tubas  had  rasultad  in  praaaura  drop  that  had  not 
bean  considered  during  design.  Tha  praaaura  drop  at  tha  design  flow  rata  of 
44  lba/aac ,  corresponding  to  a  sdxtura  ratio  of  0.5,  would  have  bean  956  pal. 
To  lower  tha  praaaura  drop  to  a  aora  accept  ah  la  value  about  half  tha 
tubing  length  was  resuved  by  electrical  discharge  willing  (Eloxing) .  Thla 
reduced  tha  anticipated  praaaura  drop  for  the  above  stated  flow  conditions  to 
735  pal,  not  as  low  as  was  desired,  but  acceptable.  Thanaochealcal  calcula¬ 
tions  and  performance  analysis  conducted  indicated  tha  daslrablllty  of 
oparatlng  at  a  aixeure  ratio  of  0. 7  which  would  bring  tha  praaaura  drop  down 
further  to  SSI  pal.  This  nodifled  injector  could  thus  be  used  with  aysten 


praaaura  llsitatlons  and  Che  available  operating  praaaura. 

(U)  Tha  pattern  was  compromised  by  tha  reduction  in  tuba 


length  as  shown  la  Figure  S3.  Tha  re  fora,  it  was  decided  to  usa  thla  injector 
only  in  tha  lnjuctor  concept  screening  testa  and  Initiate  redesign  to  realise 
batter  distribution  at  a  reduced  praaaura  drop  on  lator  toets.  Therefore, 
two  modified  designs  warn  developed,  subsequently  called  Hod  II  and  Hod  III 
to  dlfferor.tlaco  the.e  lnjoctore  fron  cho  original  injector,  Hod  I.  The  three 
designs  ara  compared  in  Table  V. 

(U)  The  Mod  II  injector  used  surplus  drilled  vanea 

from  tha  fabrication  of  the  Hod  I  Injector.  The  alse  of  the  innermost  seven 
tubas  was  increased.  Thla  reduced  pressure  drop  at  a  mixture  ratio  of  O.S  to 
417  pal.  However,  mixture- ratio  distribution  in  such  a  Mod  IX  Injector 
suffered  accordingly. 


(13)  Note:  On  the  fual  aide,  tha  auxlnum  possible  ayatem  feed  pressure  Is 
3600  psl  because  of  tubing  pressure  capacity  limitations. 
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TABLE  V 

COMPARISON  OP  VANE-TYPE  INJECTOR  DESIGNS  (u) 


In1*ctor 

Mod-1 

Mod-II 

Mod-Ill 

Nunb«r  of  tub**  p*r  van* 

2  9 

2 

2 

7 

2  9 

Outer  dla*at«r,  In. 

0.049  0.063 

0.049 

0.063 

0.072 

0.058  0.072 

Uall  thlcknaaa,  In. 

0.000  0.010 

0.008 

0.010 

0.009 

0.009  0.009 

Diatanc*  Iron  cantarlln*  of 
vana  cor*  to  and  of  tub*a,  in. 

1.20 

0.90 

0.90 

Injection  angle,  dagr*** 

30 

45 

45 

Area  of  tub**,  In.* 

0.592 

0.792 

0.808 

AP  at  MR  of  0.5,  pal 

738 

417 

400 

AP  at  MR  of  1.00,  p*l 

252 

187 

184 

Injection  valocltp,  ft/aac 

125 

93.0 

92.0 
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IV,  a ,  Technical  Discussion  (cant.) 

(U)  Ths  Mod  ITI  lajsctor  wst  designed  to  produce  an 

even  mixture-ratio  distribution  across  the  fscs  snd  a  reduction  in  pressure 
drop.  The  vans  drill  pattern  was  changed  to  permit  tubes  of  larger  diameter 
across  the  entire  trailing  edge  of  the  vanes.  The  pressure  drop  through  this 
modal  was  400  pal  at  a  mixture  ratio  of  0.5.  The  injection  angle  was 
increased  to  45*  to  shorten  the  tubes  (which  Increases  rigidity)  and  to  raduce 
tne  L/D  effect  on  pressure  drop  while  keeping  injection  velocity  reasonably 
high. 


b.  Secondary  Coebustlon  Ctu  d>er  and  Noaale 

(U)  Sluce  the  firing  duration  was  short  (2  to  3  sac) ,  an 

uncooled  approach  was  taken  to  the  design  of  the  secondary  combustion  chamber 
sad  nossles.  The  assembly  consisted  of  a  ssrles  of  three  cylindrical  steal 
vessels ,  stressed  to  at  least  s  safety  factor  of  3:1.  The  vessels  were  lined 
with  ccmprestlon-moldad  silica-reinforced  phenolic  in  the  chamber  end  throat 
entry  section,  silver-inf titrated  tungsten  in  the  throat,  ana  silica  phenolic 
again  in  the  exit  cone  (figure  37). 

(U)  The  IS*  half-angle  exit  cone  provided  e  maximum  ares 

ratio  of  10:1.  Analysis  indicated  that  for  this  propellant  combination,  an 
area  ratio  in  excess  of  8:1  would  product  good  date. 

(U)  Two  ebsmber  slses,  70  'nd  40  in.  L*,  were  designed. 

The  70  l*  chamber  was  the  bawellne  s.m  for  this  program  and  was  sslscted  on 

the  basis  of  tear  results  from  1CP,  Ml?  ,  snd  the  Improved  Titan  programs 

c 

conducted  at  Aerojet-General.  Improved  Titan  results  at  ths  15,000-lbf-thrust 
level  showed  high-performance  at  an  L*  of  about  100  in.,  demonstrating  Chat 
no  more  h*  then  100  In.  le  required  vlth  N^O^/Alumlslne-AS.  Correlation  of 
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IV,  B,  Technical  Discussion  (cone.) 

these  and  ocher  Hi'--  results  indicateu  that  Che  L*  required  for  efflclenc 
gas-liquid  combustion  vat  ac  least  301  lets  chan  that  requl?ed  for  liquid- 
liquid  combustion.  Therefore,  since  Che  combustion  mechanism  is  approximately 
the  same  for  H^O^/Aluaisine  as  for  NjO^/Alumisir.a,  a  baseline  L*  of  70  In. 
was  selected.  The  purpose  of  desiring  and  fabricating  the  40  L*  chambers 
was  to  determine  the  effect  of  L*  variation  ig>on  performence. 

(U)  A  portion  of  the  chew ere  and  throats  were  also  equipped 

with  heat-flu*  transducers  (Figure  44).  The  eite  of  these  rings  wm  determined 
from  heet-flux  measurement  requirements,  end  the  thickness  of  the  ablative- 
chamber  wall  was  correspondingly  adjusted.  All  of  the  rings  were  fabricated 
from  silwer-inflltraced  tungsten.  The  location  of  each  rlr^  la  shown  In 
Figure  45. 

(U)  A  secondary— combustor  hest-flux-trsnsdUcer  s'udy  was 

conducted  to  else  the  rings  and  to  estimate  the  temperature  profUas  that 
would  be  expected.  Theae  rings,  which  haem  a  "T"  cross  section  (Figure  44,, 
have  chronel-altSMil  thermocouples  installed  at  precise  depths  from  the  inner 
surface  exposed  to  the  combustion  gee.  The  resultant  temperature/ time  curves 
are  used  to  determine  the  bo'jndery-lsyer  transient  end  steadyyotate  heat-flux 
rate  froa  the  gee  to  the  walla. 

(U)  In  Che  heet-cransfer  analysis,  the  temperatures  predicted 

for  the  heet-trensfer  rings  wars  calculated  assuming  s  two-dimensional  model 
of  constant  the rmophyo leal  properties.  The  method  of  calculation  was  oassd 
upon  a  finite  difference  method  derived  from  the  basic  C.  Ouainberre 
transient-conduction  scheme.  This  method  Is  in  computer  progrsai  form  and  li 
refurred  t.o  as  Aerojet's  Thermal  Analyte r  Program  (No.  278).  Boundary 
conditions  «t  the  exposed  hot-gee  surface  were  predicted  from  the  Dlctus- 
liuelter  correlation.  Propellant  combustion  efficiencies  cf  80  and  951, 
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TV,  B,  Technical  Dlacuaalon  (cont.) 

demonstrating  gas  temperatures  of  4633  and  3588*F,  respectively,  were 
considered  in  the  analysis.  Results  of  this  analysis  are  ehovn  graphically 
in  Figures  46  and  47.  Thasa  curves  show  typical  axpected  temperature  rise 
rates  for  two  locations  in  the  combustion  chamber. 

(U)  ablative-material  selection  was  based  upon  past 

experience  with  these  materials  in  high-pressure  cad  AljO^-baaring  combustion 
environments  and  upon  recommendations  by  knowledgeable  vendors  and  Aerojet 
material  specialists.  A  building  block  approach  to  tha  Insertion  of  the 
ablative  liners  into  tha  chambara  was  taken ,  as  shown  in  figure  43.  Bonding 
and  saallng  was  accomplished  with  RTV-60,^^  a  room  temperature  curing 
eillcone  rubber.  The  materials  used  included  tha  following: 

(1)  "Aatroquarts"  (J.  P.  Stevens  Co. ,  New  York,  N.  Y.j 
Impregnated  with  SC-100*  phenolic  (Monsanto  Chemical  Co.,  St.  Louie,  Ho.) 

(2)  MX- 2 600,  e  phenolic- impregnated  high  allies  fabric 
(Fiberlta  Cvtp.,  Winona,  Mlnnssota) 

(3)  MXO-83,  a  phsnollc- impregnated  silica-rayon  fabric 
(Fiberlta  Corp.,  Winona,  Minnesota) 

(4)  WIC-2230,  silica  phenolic  hlgh-etrongth  char 
(Western  decking  Corp.,  Culver  City,  Calif.) 
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IV,  B,  Technical  Dlacuaalon  (cone.) 

c.  Inatrumentatloa 

(1)  Instability  Monitoring 

(U)  rs«  Pbotocon  Modal  107  watar-cooled  transducer 

mbs  used  to  aonitor  tbo  possible  occurrence  of  high-frequency  instability. 

The  preburaer  (Figure  48)  woo  instrumented  with  transducers  at  the  following 
stations:  (1)  HjOj  Inlet  ouifoU  NJFI(M)|  (2)  forward  and  of  nixing 
chamber  P0FCl(PM)i  (3)  aft  aad  of  mining  chamber  POPC9(FII).  A  cranaducar 
wae  also  ton  tailed  at  the  Injector  feel  Inlet  PFJSC(PR).  No  attempt  wee  made 
to  lnatall  high- frequency  tranaducara  la  eho  combustion  chamber,  because  ouch 
lnatallatloao  through  ablative  materials  have  proved  to  be  unsatisfactory . 

The  tranaducar  lna tailed  In  the  oxidlser  manifold  (V07O(n))  would  be 
indicative  of  chamber  comdltioae. 

(2)  Temperature  Nn.euramaat 

(U)  Provisions  ware  made  to  continue  tha  naaaur ament 

of  temperature  at  atrateglc  pointa  la  the  preburaer  (Figure  48). 

(3)  Preoaure  Neaeerenaat 

(U)  Preaeurea  were  maaaured  on  the  face  of  tha  injector 

at  two  locatlona,  inlet  men  If  old  to  tho  Injector,  and  on  each  heat-flux 
tranaducar.  Taber  craaeducere  wort  uead. 
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IV,  U,  Tochnlcal  Discussion  (coat.) 


2.  Method  tf  Testi 


a.  Start  Transient  and  Thru  at -Chamber  Operation  Analysis 


<U)  A  tranalaat  aad  ateady-stata  analysis  (or  the  steged- 

combustion  engine  wi  conducted  to  datanalna  tha  aoat  favorable  engine 
operating  sequence.  Tha  selected  eapuanci  conalatad  of  five  evente,  aach  of 
which  had  to  ba  aatiafactorlly  conalatad  baf ora  proceeding  to  tha  next . 


(U)  Tha  analysis  revealed  that,  during  staging  to  operating 

pressure,  t' a  thrust-chamber  valves  could  not  ba  railed  upon  to  control  flow 
because  of  their  poor  realataaca  versus  opening  charactarlatlca.  It  waa  shown 
that  staging  (or  racing)  should  start  before  opening  the  aaln  thruat-chaaber 
valves  aad  that  the  valves  should  be  opened  as  quickly  aa  possible.  In  this 
way,  by  slmultanaously  staging  aad  quickly  opening  tie  thruat-chaaber  valves, 
chaabar-proesure  oscillations  aad  mixture-ratio  excursions  during  the  start 
transient  could  ba  avoided. 

(1)  Initiation 

(U)  During  this  event,  the  main  oxldlaer  thruat-chaaber 

valve  wsa  bypassed  at  about  3  1 bn/ sac  and  at  aa  oxldlaer  manifold  pressure  of 
900  pals.  This  condition  was  similar  to  that  used  during  tha  last  three  pre- 
bumar  taste.  A  thrust -chamber  pressure  switch,  sat  at  ibout  240  pals,  was 
used  to  aan»«  peroxide  decomposition  sad  initiate  tha  next  event. 
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(2)  Pack  Prahaat  and  Injector  Cooling 

(U)  Thla  event  waa  tlaa ,  for  a  duration  of  2.5  aac  to 

allow  tha  pack  to  prahaae  to  greater  than  1600*F.  The  timing  waa  experimentally 
detarainad  during  tha  prabumar  evaluation  and  providad  aaauranca  that  tha  HjOj 
decomposition  waa  naar  coeplatlon.  Aa  waa  alao  found  during  prabumar  tasting, 
temperature  conditioning  of  tha  turblna  simulator  waa  required  to  ensure  a 
conatant  praaaura  drop  during  steady-stats  oparatlon. 

(U)  In  addition,  watar  waa  paaaad  through  tha  aacondary 

inj actor  at  2  to  4  lba/aac  and  at  200  palg^to  kaap  tha  vanaa  cool  aad  pravant 
lngraaa  of  decoapoaed  par  ox  Id  a  Into  tha  fual  circuit  during  tha  prahaat  avant. 
Failure  of  tha  coolant  watar  valva  to  opaa  would  initiate  shutdown.  Tha  valve 
waa  cloaad  at  tha  and  of  thla  event. 

(3)  Staging 

(U)  Tha  completion  of  tha  prahaut  avant  initiated 

opening  of  tha  thruat-chaabar  fual  valva  and  tha  atart  of  staging.  Tha 
ox Id Is ar  valva  opening  M  delayed  30  to  73  nilllsee  to  cosyanaata  for  tha 
difference  in  velv  cl  .rset eristics.  Tha  fual  flow  waa  controlled  by  a 
Jaaeabury^13^  hail  valva  while  the  oxldlaer  aide  had  uaad  an  Annin  globe 
valva.  Tha  oxtdlxer  bypaaa  valva  waa  cloaad  by  a  position  switch  on  tha  main 
thruat-chaabar  oxldlxer  valva. 


(15)  Manufactured  by  tha  Jaaeabury  Corp.,  Uorceatar,  Mass. 

(16)  Manufsctursd  by  tha  Annin  Co.,  Montebello,  Calif. 
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(U)  The  staging  rate,  pai/aac,  waa  controlled  on  both 

lntensif lers  to  maintain  a  mixture  ratio  of  0.4  to  0.9  during  staging. 

Staging  occurred  over  a  1.5-sac  period.  The  oxldlaer  preaeure  waa  ramped  from 
a  preaet  value  of  900  to  5000  palg  at  the  lntenslf ter  outlet.  The  fuel 
pressure  waa  reaped  from  a  value  of  830  to  3500  palg. 

(A)  Steady  State 

(0)  The  steady-state  event  was  Initiated  during  staging 

by  a  thmat~chaabor  pressure  switch  set  at  about  2500  pale.  Staady-stata 
pressure  was  3000  pale,  and  the  duration  waa  aat  for  about  1.2  to  1.4  aae. 
Failure  of  the  thrust-chamber  pressure  switch  to  coexists  the  malfunction 
detection  circuit  within  a  preaet  tine  initiated  the  shutdown  sequence. 

(3)  Shutdown 

The  valvaa  waft  sequenced  to  cloaa  in  such  a  manner 
aa  to  obtain  a  fuel  lag  of  50  to  75  nlUlaae  and  thus  mlnlnis*  flow  of  oxldlxar 
over  the  hot  tungsten  surfaces.  Initially,  nitrogen  at  1000  palg  waa  passed 
through  the  secondary  Injector  to  purge  residual  Alumislna-43.  Water  waa  later 
uaed  as  the  injector  purge.  The  chamber  downstream  of  the  eatilyst  pack  waa 
also  purged  with  nitrogen  to  prevent  residual  oxldlaer  from  entering  the 
secondary  conbustor  and  to  prevent  a  backflow  of  combustion  gas  and  water  from 
the  secondary  combustion  to  tba  primary  chamber  and  catalyst. 

b.  Mixture-Ratio  Analysis 

(U)  An  analysis  was  conducted  to  evaluate  the  delivered 

piirionvice  of  96X  H,0j/Alu«lslne-43  as  s  function  of  mixture  ratio.  Results 
of  this  analysis  (conducted  at  the  100,000-lbf-thrust  level),  presented  in 
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Figure  49,  Indicate  Chat  even  Chough  maximum  thaoratlcal  specific  lmpulaa  occurs 
at  a  mixture  ratio  naar  0.5,  tha  estimated  losses  caused  the  da  aired  operating 
point  to  move  toward  higher  mixture  ratios.  A  mixture  ratio  approaching  1.0. 
appears  to  be  the  deoirad  operating  point  to  deliver  maximum  specific  impulse 
for  a  cooled  engine.  (A  lower  mixture  ratio  would  be  acceptable  for  an 
unc.ooled  engine.)  Therefore,  tha  teat  plan  was  designed  to  evaluate  and 
compare  performance  of  70-lu.  I*  cheat  ere  with  40*in.  L*  chambers  over  a 
range  of  mixture  ratio*. 


<*> 

<8> 


& 


,i 

i 
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(U)  An  eveluetlon  of  the  effect  changes  in  mixture  ratio 

would  have  upon  flow  dynamics  of  the  system  revealed  that  both  the  oxldlser 
and  fuel  circuit  could  handle  tha  corresponding  reduction  In  fuel  flow  and 
increase  in  oxldlser  flow  which  would  result  from  an  increase  in  M&  from  0.5 

to  1.0. 

c.  Effect  of  Thermal  Gradient  and  Oxldlser  Upon 
Tungsten  Comments 

(U)  Because  one  of  Che  major  constituents  in  ths  combustion 

chamber,  both  for  heat-flux  transducers  and  throat  sections,  was  a  live  r- 
lnf titrated  tungsten,  an  analysis  was  performed  to  consider  the  affects  of  the 
thermal  gradient  and  oxldlser-rlch  gases  upon  tungsten  components. 

(U)  A  the rmochami  cal  analyalo  was  conducted  to  define  the 

heat  load  imparted  to  these  components  during  ths  start  transient;  l.a.,  to 
examine  tha  heating  cftaracterletlcs  and  species  of  the  gss  aa  the  engine  start* 
with  an  oxldlser  lead,  paseae  through  e  stoichiometric  alxture  ratio,  erd 
steadies  at  tha  operating  point.  Gee  molecular  constituents,  recovery 
temperature,  end  heet-tranefar  coefficients  were  examined  as  a  function  of 
mixture  ratio. 
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(U)  This  analysis  Indicated  that  tha  gsa  temperature  at 

stoichiometric  mixture  ratio  Is  about  200*F  higher  than  at  the  operating  point 
□f  0.3.  However,  tha  thermochemical  analysis  shows  a  reduction  In  heat-transfer 
coefficient  of  tha  gas  at  tha  higher  mixture  ratio.  It  appears,  therefore, 
that  during  the  atart  transient  the  heat  load  increases  as  a  function  of 
decreased  mixture  retlo,  and  that  tha  peek  heeting  condition  le  achieved  et  a 
mixture  retlo  of  0.3. 

(U)  The  literature  woe  reviewed  to  evaluate  the  oxidation 

rata  of  the  tungsten  lr  tha  secondary  chamber,  end  two  excellent  correlations 
were  found.  The  correlation  by  Ong  and  Faseell  (Ref.  8),  for  temperatures 
between  1300  end  2400*F  and  pressures  between  0.02  and  306  pale,  resulted  In 
the  following  expression  for  the  regression  rota  of  tungsten,  ^  (V) : 

C«)  -  3.05  x  102  *  1C“S2S0/T  *°2 1/2  (cm/hr)  .  (Eq  3) 

where 

T  -  *K 

Po2  "  partial  pressure  of  oxygen  In  atmosphere 

(U)  An  extrapolation  of  this  relationship,  shown  in  Figure  SO, 

gives  a  regression  rats  of  1.6  x  10~5  in. /sac  for  the  primary  chasri>mr  axhaust 
conditions. 

P  •  4000  pels 
T  e  1756*F 
Vcj  *  1300  pels 
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(U)  Tht  tungsten  in  the  secondary  chamber  will,  tharefo'e, 

not  bs  affected  by  s  long  start  transient.  The  mechanism  of  tungsten 
oxidation  In  this  temperature  raglas  involves  the  rapid  vaporisation  of 
tungsten  oxide  (WO  j) .  An  increase  in  pressure  will  tend  to  inhibit  the 
vaporisation  of  the  oxide  end  thus  reduce  the  eaount  of  oxidation;  the  rate 
equation  does  not  reflect  this  effect. 

(U)  The  mochaniem  for  oxidation  under  the  secondary  chamber 

conditlona  differs  significantly  f roe  that  Juet  described.  As  the  temperature 
is  increased,  the  free  energy  of  formation  of  the  oxide  becomes  more  positive 
until  a  temperature  is  reached  at  which  tungsten  oxidation  is  negligible.  A 
correlation  by  Perkins,  Price,  and  Crooks  (Ref.  9)  resulted  in  the  following 
expression: 

-  20  x  Poj0*®4  •  '24*500/RT  (g»/aa2-nin)  (Bq  4) 

where 

1  «  gas  constant  1.987 

T  -  *C 

(U)  The  steady-state  regression  rate,  R .  ,  calculated  from 

*  -5 

this  equation  for  th«  20,000-lbf  combustion  throat,  gives  7.6  x  10  in. /sec 
at  T  -  5000* P,  P  -  3000  psla,  and  Poj  -  8.7  pels  CM*  -  1.0  fo«  HjOj/Al-43). 

This  regression  rate  la  completely  satisfactory  for  oporetion  of  the  20,000-lbf- 
thrust  engine.  However,  it  is  e  pessimistic  estimate  because  regreeelon  rets 
at  high  temperatures  should  decrease  rather  then  increase  vlth  temperature, 
as  shown  by  the  equation  that  represents  the  rata  at  temperatures  near  3600" F. 

(U)  Predictions  based  on  tho  above  cited  Ong-Faetell  aquation 

and  the  empirical  regression  rata  data  compiled  from  Mlnutemen  and  Polaris 
solld-rock.ee  firings  corrslatsd  wsll. 
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(U)  Chamical-coapoaition  calculation*  alio  vara  mad*  to 

establish  th*  thraahold  for  aroalon  of  tungatan  varaua  9M  H202/Aiual*in*-43 
mixtur*  ratio.  Standard  aquilibrlw*  thamodynaaica  procaduraa  war  a  uaad  for 
the  ay* cam  982  H202/Alu#i*in*-*3/VI  (tungatan)  at  propallant  aixtura  ratios 
from  0.5  to  1.2.  Tha  data  ara  auaaurlsad  in  Figura  51  at  a  taaparatur*  of 
6000*F.  Not*  that  tha  aaouat  of  oxldltad  tungatan  la  nagligibla  bn  low  a 
mixtur*  ratio  of  0.65,  amJ  that  tha  oxidation  incraaaa*  rapidly  abova  a 
aixtura  ratio  of  1.0. 

(U)  .  Tha  variation  of  tha  oxidation  procaaa  with  taapnra- 

tura  la  illuatratad  in  Figura  52.  Zt  can  b*  aaan  that  laaa  tungatan  trioxid* 
(W03)  la  formad  aa  cha  taaparatur*  la  raducad.  Tha  aanunt  of  tungstic  acid 
(HjWO^) ,  howavar,  doaa  not  dacraaaa  rapidly  until  tanparaturaa  balow  5000'F 
ara  raachad.  Not*  that  If  th*  tungatan  wall  taaparatur*  la  raducad  to  about 
4500*F,  as  would  ba  tha  casa  vlth  a  raganaratlvaly  coolad  chaabnr,  th* 
oparatlng  aixtura  ratio  can  ba  lncraaaad  slightly  without  luc ratting  tha 
amount  of  oxidation. 

(U)  On  tha  basis  of  tha  aatarlal  analysis,  tungatan  appaara 

to  ba  a  satisfactory  chaatbar  aatarlal  for  usa  with  98X  HjOj/Aluaiaina-43.  Tha 
analyst*,  howavar,  indlcataa  Chat  Cha  ragraaaion  rat*  oay  b*  axcaaslv*  abova 
a  mixtur*  ratio  of  1.0  and  at  shutdown  if  thara  la  a  long  oxidlsar-rlcn 
talloff. 


d.  Traatnant  of  Taat  Data 

(U>  Savaral  tynaa  of  data  war*  obtalnad  from  aach  atagad- 

combustion  taat.  Thaaa  includad: 
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(1)  Slov-apeeu  *trip-eh*rt*  which  permitted  a  pre- 
lielnery  post teat  evaluation  of  thruac,  flow,  pressure*,  and  performance. 

(2)  Oscillographs  which  Allowed  exomlaarloa  and  evalua¬ 
tion  of  such  east  parameters  oa  valve  phoning,  low-frequency  pressure  perturba¬ 
tions;  end  preaaure,  flow  and  thruat  tranaienta.  Theae  date  ware  uaed  ealniy 
In  the  qualitative  venae. 

(3)  High-frequency  tape  recording— to  nonitor  the 
poealbla  occurrence  of  high- frequency  preaaure  perturbations .  Oeclllogreph- 
type  record*  were  produced  f  roe  the  eegnetlc  cepe  for  e  valued  on. 

(1}  Analog-  to-dlgi  tel  convent  on  sytteo  (ADC).  Thle 
syeten  provided  digital  dote,  which  banana  tha  noin  aouree  of  derived 
quantitative  date  end  plate.  It  waa  also  uaed  in  conjunction  with  e  coeputer 
pr agree  to  calculate  perforaence  pereeatera.  The  reneinder  of  thla  discus- 
•iou  concern*  lteelf  eeiely  with  the  treetnent  of  the  ADC  data. 

(U)  Initially,  a  plot  of  pertinent  teat  pereeatera  waa 

prepend  to  eeko  the  selection  of  the  tine  period  over  which  date  would  be 
evaluated.  Tha  teae  parvMtera  coma  Ida  red  were  oxi  dinar  end  fuel  inlet 
eenifold  preaaure#  (P0J-F1  end  PFJ-IC),  eetelyat  peck  teepereture  (TOCP-2) , 
dacoepoaed  H.^Oj  teepereture  (TOPC-S) ,  thruat  (f),  oxldlier  end  fuel  flow 
rates  (WO  end  WP>,  valve  phoning  (IOTCV  end  LFTCV;  end  cheaper  preaaure 
(PCSC-1) .  Selection  wee  mode  on  the  keela  of  constancy  of  those  parameters 
during  the  period  of  nuelnal  operating  conditions  (approximately  3000-pale 
chamber  pressure  end  20,Q00-lbf  thruat).  Thla  la  contrary  to  the  period  of 
tlua  usually  defined  as  steady  state  (clee  period  greeter  then  902  of 
chamber  preaaure)  which  wee  uaed  primarily  m  on  Indicator  of  teat  duration 
and  not  for  data  analyola.  Selection  of  the  ateady-atata  period  by  the 
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method  outlined  va»  intended  to  rule  out  euch  phenomena  at  it  and  ringing  (which 
give*  large  awinga  in  thruat)  and  f low  and  preaaura  fluctuation*  during 
tranalanu.  Typical  eteady-ttata  period*  »*l*ct*d  by  this  method  ranged  froa 
0.4  to  1.0  aac  in  duratiou. 

(U)  The  data  for  the  ealaetad  time  period*  were  then 

averaged  and  uaed  for  calculation  of  both  tea  level  and  vacuim  performance 
parameter*.  Vacuun  performance  parameter*  were  uaed  in  the  performance  Inter¬ 
action  evaluation  diacuaaad  in  Section  IV, 8, 4.  The  uae  of  vacuum  performance 
parameter*  affectively  rule*  out  variation*  in  eluufear  preaaura  for  the  range 
of  preaauree  obtained  <2630  to  3030  pale)  and  allow#  a  rOaltatlc  comp  art  ion 
of  the  data  from  teat  to  ta«t. 

(U)  Charactariatic  eahauac  velocity  waa  calculated  froa  the 

following  relat ionehip : 


(Cq  3) 


0  • 


where  T  •  Planum  total  preaaura,  paia 

c  2 
A  -  Inatantaneoua  throat  area,  In. 

c  2 
ft  •  Acceleration  of  gravity  -  32.174  ft/eec 
c 

Wr  "  Total  weight  flow,  lbm/aac 

The  inatantanaou*  throat  area  waa  determined  by  eeeunlng  that  any  change  in 
throat  area  that  occur*  during  the  firing  la  linear  over  the  time  period 
correeponding  to  greater  chan  90  X  of  chamber  preaaura.  Tie  preteet  area 
curreepond*  to  the  atart  90S  chanber  praaeur*  and  tha  poatteec  area  correspond* 
to  the  ehutdown  90Z  chamber  pveesure.  The  plenum  total  preaaura  we*  obtained 
by  averaging  the  two  injector  face  acetic  pressure*  recorded  during  the  taut. 
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Weight  flow  ratas  ware  computed  fro*  booster  (intenaiflar)  travel  uniumd 

by  a  capacitance  probe,  or  eaconderlly  (if  the  capacitance  probe  malfunctioned) , 

by  a  linear  potentiometer. 

(U)  Vacua  specific  tabula#  waa  calculated  aa  follow*: 


I  m  ■-  — t— J 

aw 


(Bq  C) 


where:  F  »  Thruat,  lb f 

P  ■  Atmospheric  pressure,  ptla 

•  2 
A^  •  Balt  area,  la. 

•  Total  weight  flow,  lbm/*ec 

(U)  Thruat  oaaauraaaata  ware  corrected  to  Include  a  thruat 

cell  correction  blae  determined  during  calibration.  The  exit  area  waa  cal¬ 
culated  in  the  came  nanaar  u  that  uaad  for  the  throat  area  tor  the  c* 
calculation. 

(U)  The*  a  valuta  wera  than  cob*)  a  rad  to  theoretical  values 

corresponding  to  the  a ana  chamber  preaaure,  NX,  wd  exit  area  ratio  by  the 
performance  comparator  program.  Coefficient  of  thruat,  Cf,  wee  alao  calculated, 
but  haa  been  accorded  leaa  significance  in  this  report. 

a.  Secondary  Injector  Cleaning 

(U)  A 1  uni  tine  exposed  to  air  will  decompose  end  leave  a 

residual  solid  material  which  can  block  small  tubes  and  paaaegawaya  and  avnn 
cott  Una  and  manifold  eurfacae.  It  wee  necessary  to  ramove  tha  injector 
after  tech  firing  to  ellnlnat*  the  raeldual  Aliaslilne.  Past  experience  had 
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shown  chat  poacflro  nitrogen  and  water  purges,  while  helpful,  ware  not  totally 
affective.  Consequently,  the  Injector  wee  removed  after  each  firing  and 
ianeraed  In  a  hot  5X  aodlua  hydroxide  bath  for  a  alnlaue  of  4  hr.  Following 
this  Xaaersloo,  it  wee  placed  la  20X  nitric  acid  for  30  aio.  This  procedure 
proved  effective  is  reaorlng  decomposed  AliaUalne  frea  the  injectors  through¬ 
out  the  prograa;  drilling  wee  required  to  remove  decomposed  Alued tine  (not 
dlasolved  by  the  caustic  and  add)  froa  soae  of  the  aaell  tubee. 
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3.  iimshSaafeittiian  Hit  Pmrtfilaa.ftM  Jimltti 

(U)  Fourteen  teete  were  conducted  during  the  stagod-coabustlon 

eveluetlon  progran.  In  general,  the  objectives  of  theee  teete  were  to  eveluete 
two  secondary  injector  configuretlo  <e  end  select  the  better  of  the  two  for 
eubeaqurat  tee ting;  to  deternine  tr ana lent  heat  flux  et  strategic  locations  in 
the  chamber;  to  coapera  the  performance  of  98*  Hj02/Alumisine-43  et  charac- 
teriatic  cheaper  lengths  (L*'s)  of  40  and  70  in.  (beaeline)  over  e  range  of 
mixture  ratios;  end  to  detemiae  the  performance  of  90*  HjOj/Aluni-ine-iS. 

(C)  All  of  the  objectives  of  the  teat  program  were  satisfactorily 

attained  in  three  seriee  of  teete.  In  the  first  aeries  of  four  testa 
(1. 2-02-AAC-001  through  004)  two  injector  configurations  were  evaluated.  As  e 
result  of  thia  series,  the  396  tube-wane  type  secondary  injector  wee  eeleeted 
to  perform  the  subsequent  two  eerlea  of  evaluations .  this  Injector  demonstrated 
greeter  then  89X  of  theoretical  specific  lapulao  on  its  first  two  firings  (see 
Table  VI),  thus  exceeding  easily  the  p. rogran  goal  of  87X  of  theoretical  Ia. 

The  tubular  injector,  consisting  of  44  axially  directed  tubes  (a  much  coaraar 
injection  system),  gave  only  84. 3X  of  theoretical  Ia« 

(U)  The  teat  program  was  temporarily  discontinued  et  this  point 

because  of  major  damage  sustained  by  the  oxidlser  in tens if is r  end  feed  system 
due  to  a  test  stand  malfunction.  The  affected  coagonsmta  were  restored  to  a 
Class  2  condition  (see  Section  111,1,3),  end  the  teat  program  wee  resumed. 

(C)  During  the  second  series  of  seven  tests,  1. 2-03-AAC-00I 

through  -007,  the  performance  conperleon  end  heat-flux  determination  were 
satisfactorily  conplsted.  Two  of  thesa  tests  did  not  produce  useful  date 
because  of  malfunctions.  Results  sra  presented  in  Table  VI.'  The  test  results 
confirnsd  ths  thsorstlcal  analysis  which  pradlcted  that  higher  performance  wan 
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favored  by  higher  mixture  ratio*.  Figure  S3  ahova  the  delivered  specific 
impulse  at  sas  level  for  the  baseline  70.1a.  L*  chamber  and  van#  Injector 
plotted  against  mixture  ratio.  Area  ratio  was  constant  at  10/1.  For  co^ari- 
son  purpoaaa,  the  thacretlcal  specific  impulse  against  nlxture  ratio  la  shown 
in  Figure  54.  At  0.5  MR,  about  9 IX  Ig  la  realised  and  lncreeaee  to  about  931 
I#  at  0.8  MR.  That*  plot*  show  tha  need  to  optlnlse  the  operating  point  for 
an  angina  using  thla  propellant  combination.  The  relationship  of  L*  to  perform 
men co  la  discussed  under  Section  IV, 1,4,  Performance  Analysis.  The  heat-flux 
data  obtained  during  thla  test  series  are  discussed  In  detail  in  Section  IV, 1), 5. 

(C)  The  third  aeries  of  three  tests,  1. 2-0J-AAC-008  through  -010, 

demoni  traced  the  90S  HjOj/Alumlslne-43  staged-eoabuatlon  cycle.  Two  of  these 
teats  produced  useful  data  (sea  Table  VI).  The  performance  levels,  in  tana 
of  the  percentage  of  theoretical  specific  Impulse,  ware  lower  than  those 
achieved  with  98X  U^O^/Altesiaine-AJ,  largely  because  a  modified  Mod  II  vane 
injector  and  a  modified  tubular  injector  were  uasd  to  perfon  the  testa.  Th* 
modification  to  tha  vans  Injector  la  explained  in  datall  below  In  tha  discussion 
et  Tjsc  1.2-03-AAC-008,  However,  the  tubular  Injector,  eodlflad  by  incorpo¬ 
rating  three  to  four  wold  bsada  la  each  tuba  outlet  to  Increase  Alumlxlne-43 
dispersion,  e.g. ,  surface  exposure,  produced  e  radical  Increase  of  6X  in 
performance  over  tha  original  version  evaluated  on  Teat  1.2-02-AAC-004.  This 
la  extremely  valuable  date  In  that  it  shews  tha  slpilficanco  of  fuel  surface 
exposure  area.  Th*  Injector  pressure  drop  was  alao  Increased  resulting  in  a 
higher  injection  velocity!  however,  peat  etaged-coedmetioo  experience  has  Indi¬ 
cated  chat  Injection  velocity  per  a*  has  little  or  no  affect  on  performance. 

(’J)  Figure  55  shows  the  flow  scheretlc  for  the  aystem.  The  stegad- 

combuatlon  TCA  1*  shewn  in  Figure  37,  and  th*  location  and  identification  of 
instrumentation  paramiters  ara  shown  in  Figure  48.  Tha  tarts  ar*  summarized 
in  th*  following  paragraphs t 
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IV,  S,  Technical  Discussion  (cont.) 

a.  Tuc  1.2-02-AAC-001 

(U)  Tha  objectives  of  this  coot,  conducted  with  watar  flowing 

through  tha  fual  circuit  Instead  of  Aluaislne-43,  ware  to  chock,  out  praburnar 
operation  and  tha  etaged-coabuetlon  firing  and  shutdown  sequences.  Tha  flow 
aaquanca  uaad  la  daacrlbad  in  Section  IV,  1,2.  Tha  water  aidtauatad  to  aafclent 
p  rag  aura  through  orifices  sized  to  reproduce  the  pressure  schedule  in  tha 
injector  of  tha  secondary  chsabar.  Secondary  chanber  hardware  was  not  uaad  in 
this  a isolation  test.  Oxldlsar  and  fuel  sequencing  was  satisfactory  (Figure  56). 
Praburnar  catalyst:  performance  la  auaserlaed  la  Table  VI  and  in  Figure  57. 

(U)  Tha  catalyat  performed  satisfactorily  In  this  teat  as 

wall  aa  in  subsequent  tests.  Tha  catalyst  pack  had  been  repacked  by  ualng 
eight  Agelte-223  screens  from  tha  original  low-throughput  pack.  New  silver 
screens  and  tan  new  Agelte-220  screens  ware  incorporated,  aa  shown  schematically 
in  Figure  57. 

b.  Test  1.2-02-AAC-002 

(U)  The  objectives  of  this  test  were  to  evaluate  the  first 

of  two  injector  concepts  and  to  determine  staged-coabuation  performance  at  s 
chamber  pressure  of  2S00  pale  and  s  mixture  ratio  of  0.7  with  s  chamber  L*  of 
70  in.  This  mixture  ratio  waa  chosen  because  (1)  the  performance  analysis  had 
Indicated  that  at  least  this  mixture  ratio  is  required  to  anaura  ignition  of 
t ..  aluminum  if  tha  hydraslns  la  as  sums  d  to  burn  with  tha  peroxide  and 

the  resulting  flats*  temperature  exceeds  the  melting  point  of  aluminum  oxide 
(AljOj) ,  and  (2)  tha  oxidation  of  the  tungsten  in  the  silver-lnflltrstsd- 
tungaten  throat  Insert  would  be  minimal  at  a  mixture  ratio  below  0.7. 
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XV,  G,  Technical  Dlacuasion  (cont.) 

(U)  The  ehaabsr  praaaura  vea  love rad  fro*  1000  (nominal)  to 

7300  pale  bacauae  of:  (1)  an  axcaosiveiy  high  praaaura  drop  for  daslgn  flow 
ratea  In  tha  Mod  I  van*- type  secondary  Injector,  and  (2)  a  facility  limitation 
(maxima  operating  praaaura  of  tha  fual  ay at am,  3600  pale).  When  tha  high 
praaaura  drop  vaa  discovered  during  hydraulic  calibration,  tho  langth  of  tho 
tubaa  on  tha  Injector  fata  waa  raduead  from  1.0  to  0,63  In.  through  Kloxlrg 
( a  lac  trical. -die  charge  milling) .  Figure  43  ahowa  a  viow  of  tha  modlflad  Injector 
faca.  Tha  two  larger  tubaa  ara  praaaura  tap#.  Thaoratlcally ,  ahor tailing  of 
tho  tubaa  dagrmdaa  tha  flow-distribution  patcara.  However,  with  396  tubaa, 
thla  degradation  waa  noc  conaldarad  to  ba  appreciable. 

(U)  Tha  start-tranaleat  aaquaaca  waa  modlflad  to  include  a 

water  purge  to  keep  the  Injector  vanaa  cool  during  preburner  a ter ting  oparaticn. 
Rather  than  uaa  an  injector  fuel-fill  event  (through  bypeee  of  tha  main  fual 
valve),  water  flow  of  4.2  lb/aec  warn  Initiated  whan  tha  praburoar  reached 
240  pa la  and  waa  discontinued  at  tha  Initiation  of  ataging  to  full  and 
Alunlilne-43  flow  ratea.  Tha  event  waa  incorporated  Into  tha  sequence  to  pre¬ 
vent  any  pooelble  failure  of  tha  Injector  wanna  due  to  eutodaco munition  of 
Alumlalna  in  contact  with  a  hot  aurfaca  and,  also,  to  prevent  decomoead  H202 
from  flowing  beck  Into  the  fual  In j actor. 

a 

(U)  The  TC4  Installation  on  the  teat  a tend  la  shown  In 

Figure  36.  Mote  thermocouple  connectors  protruding  Cron  cheaber. 

(U)  Tha  chamber  heat- flux  transducer  did  not  respond  during 

tasting  because  the  thexaooouplee  were  inadvertently  sheered  during  assembly 
of  ablative  camr*orente  into  the  chaabar. 
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(C)  The  test  vu  satisfactory.  A  specif lc-iapulse  efficiency 

of  39.37.  at  aaa  level  wee  achieved  at  a  mixture  ratio  of  0.65  and  at  a  chamber 
pressure  of  2750  psia  (Table  VI)  thus  exceeding  the  program  goal  of  47Z.  The 
Injector  face  wan  undamaged  and  the  tungsten  throat  showed  no  erosion.  Steady- 
state  duration  was  1.57  sec  (at  greater  than  90X  Pe). 

(U)  The  fuel  flowmeter  readings  were  erratic  (Figure  59), 

but  fuel  capacitance-probe  measurements  were  steady.  The  catalyst  pack  heated 
up  slowly  and  required  about  9  see  for  a  significant  temperature  rise  (Figure  60). 
During  thle  teat  and  during  the  preceding  checkout  test,  the  readings  on  the 
first  thermocouple  in  the  catalyst  pack  were  appreciably  lower  then  those 
recorded  during  tests  with  the  original  low-throughput  pack  la  the  preburner 
test  series  (Figure  57). 

(u)  After  tasting,  the  fuel  injector  was  purged  with  1500-pslg 

nitrogen  and  deionised  water.  Four  of  the  3v6  tubes  required  drilling  to 
retuve  residual  deco^ouad  Aluslalca.  It  ahould  be  noted  that  the  fuel  manifold 
has  been  designed  to  facilitate  removal  of  residual  Alunislna;  however,  the 
bent  tubes  in  the  vsned  injector  aro  difficult  to  eloan.  The  purge  eye tan  wee 
not  succensful  in  removing  ell  the  residual  Alustlslae  afrar  shutdown. 

(U)  Upon  dlaasseably  it  was  noted  that  the  chamber  wes  coated 

with  Alumislne  (Figure  61).  indicating  that  tha  desired  shutdown  sequence  had 
been  achieved;  l.e.,  tha  oxldlser  end  the  fuel  valve  had  closed  simultaneously. 
Ablation  of  the  chamber  phenolic  caused  the  chamber  heat-flux  transducer  to 
protnide  about  1/16  in.  into  the  chamber.  In  addition,  erosion  just  eft  of  the 
tungsten  throat  wea  also  noted,  as  expected.  This  erosion  was  very  similar  to 
that  obssrved  on  Polnrls  and  Minutnman  noezles. 
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IV,  B,  Technical  Discussion  (cent.) 


(U)  The  performance  calculations,  suonarlxed  in  Table  VI, 

are  baaed  upon  oxldissr  flow  rata  (maaaursd  with  a  2-in.  turbine- type  floumsttr) , 
fuel  flow  rata  ( measured  bp  a  capacitance  probe) ,  and  thruet  (aaasursd  with  a 
calibrated  load  call). 

e.  Teat  1. 2-02-AAC-003 

(u)  The  principal  teat  objectives  of  thla  teat  ware  to  verify 

the  performance  achieved  on  the  fleet  teat  and  to  dateralne  the  affect  of 
mixture- ratio  change  on  specific  lapulse  efficiency.  The  teat  setup  raaclnad 
unchanged  except  that  the  target  Ml  was  Increased  to  0.8.  The  hardware  wee 
identical  to  that  used  for  Teat  002. 

(C)  The  teat  was  satisfactory  and  proceeded  aa  programed. 

Spacific-inpulae  efficiency  is*  rowed  slightly  to  89. 9X,  which  confined  that 
an  sfflciancy  axceedlng  87. OX  nap  be  obtained  reproduciblp  with  this  Injector 
concept.  Mixture  ratio  wea  0.73  and  cheater  pressure  waa  2635  pala,  both  aome- 
what  lower  then  desired  because  of  the  high  pressure  drop  across  the  turbine 
simulator  (2031  pal). 

(U)  As  shown  la  figure  62,  the  Alualrlne-43  flowmeter  again 

bahavad  erratically,  but  flow  naeeuranante  bp  monitoring  displacement  of  tha 
lntenaiflar  piston  wart  steady.  All  other  tracee  were  eaooth,  Indicating  atabla 
and  even  combustion. 

(U)  A  poet fire  Inspection  of  the  hardware  indicated  that 

eight  Injector  tubes  had  been  damaged;  three  tubes  were  split  end  five  were 
burned  beck  to  tha  vans.  Residual,  dacoaposed  Alumlslne-43  fron  tha  aaalfold 
apparently  plugged  the  tubes  on  startup  aad  thus  allowed  stagnation  and  subee- 
quent  autodecoopoeltlon  of  the  hydreslna.  All  tubes  wars  frse  of  obitructlons 
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IV,  8,  Technical  Discussion  (coat . ) 


prior  to  firing.  Figors  6 3  shows  tha  poetfiri  condition  of  tha  Injactor  faca 
and  tha  damage  to  tha  tubaa  aa  ol ««rvad  after  tha  tvo  taata. 

(U)  Tha  a  ro  a  lots  of  Ablative  components  la  dlagrannatically 

ahown  In  Figure  64.  Thla  erosion  la  typical  of  that  which  occ’.trsd  on  la tar 
taata.  Appreciable  area  ion  occurred  in  quarte-reinforced  phenolic  convergent 
chanter  section.  The  fotwaru  stainless-steal  retainer  ring  for  tha  ellvar- 
lafiltratad-tuagstan  throat  waa  exposed  by  tha  loaa  of  ablative  malarial  and 
bad  malted  and  burned  la  places.  Tha  burned  and  malted  a  tael  caused  erosion 
of  tha  forward  section.  of  tha  throat. 

d.  Teat  1 . 2-02-.IAC-004 

(U)  Tha  main  objective  of  title  teat  waa  to  evaluate  tha 

second  injactor  concept,  l.e.,  tha  44-tuba  Injector.  Thla  injactor,  with  lta 
Cuban  directed  socially  la  ohowerhead  faahion,  la  rsprueamtatlve  of  technology 
developed  during  the  Titan  ZIA  pro  greet.  However,  fuel  dlatrlbutloo  la  none- 
whet  aore  coeree  then  with  the  final  Injector  concept  adopted  on  that  program 
(Kaf.  7). 

(U)  Tha  ablative  liner  in  tha  ee condor?  ebaaber  (l*  »  70  in.), 

tha  tungsten  throat,  rad  tha  exit  cone  were  replaced ,  end  the  cheater  woe 
Instrumented  with  a  heat-flux  transducer  at  the  location  nhown  in  Figures  37 
end  43.  The  turbine  simulator  wee  replaced  with  one  having  a  lower  preeeura 
drop  to  reduce  the  required  supply  preeeura  from  the  intenelfler.  (On  tha 
previous  teat,  the  outlet  preeeura  of  the  Intaaslfler  waa  at  its  maximum  and 
still  tiie  desired  flow  of  H^Oj  wee  not  obtained.)  The  catalyst  peck  end  the 
preburner  remained  the  asms  as  In  previous  teste. 
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(U)  The  fuel  end  oxidizer  flow  Betting*  for  the  teet  were  for 

a  nixture  ratio  of  0.7  end  e  chamber  pressure  of  2800  pale.  The  teet  sequence 
and  the  tlaer  setting*  ware  the  ease  a*  for  Taata  002  end  003. 

(U)  The  teet  was  characterised  by  low  performance  and  rough 

combustion  (pressure  oscillations) .  These  osclllaeions  ere  discussed  la 
Section  IV,B,o. 

(C)  A  specific- it^ulsa  efficiency  of  84.3*  at  sea  level  wee 

achieved  at  a  mixture  ratio  of  0.60  and  a  cheaper  pressure  of  2793  pale.  This 
I#  efficiency  Is  less  then  the  program  goal  of  87*  and  less  than  that  achieved 
with  the  vane-type  Injector.  The  waned  Injector  was  therefore  chosen  as  the 
configuration  for  the  remaining  tests.  Figures  65  end  66  suanarlsa  the 
pressures,  flows,  and  ttaparaturas  obtained. 

(U)  Bah must  particles  were  collected  on  this  test  with  the 

device  shown  In  Figure  67.  The  device  was  placed  150  feet  downstream  In  the 
exhi.  ;t  plums.  A  shutter  (not  ehown)  opened  the  inlet  of  tha  device  during 
the  steady-etate  period  and  blocked  It  during  the  remainder  of  the  firing 
sequence.  This  ensured  that  the  particles  collected  were  representative  of 
particles  produced  during  nominal  operating  conditions.  The  device  was 
developed  on  the  Investigation  of  Heterogeneous  Fropallant  TWo-Fhaae  Flow 
Criteria  Program  (Raf.  10)  recently  coexisted  at  Aerojet-General  Corp.  The 
significance  of  particle  else  end  distribution  Is  discussed  in  Section  IV.B.4. 

(U)  The  injector  was  undamaged  (Figure  68),  but  the  tungsten 

throat  end  the  ablative  cheaber  materiel  showed  considerable  grooving. 

Figure  69  a hows  the  grooving  sustained  by  the  throat.  This  feet  tends  to 
verify  the  theoretical  dependency  of  tungsten  upon  e  homogeneous  gee,  since 
poor  propellent  distribution  end  mixing  occurred  end  corresponded  to  the  low 
specific  impulse  efficiency. 
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(U)  IC  will  ba  noted  on  Figure  68  that  one  aide  of  the 

injector  wee  more  heavily  caatod  with  raaldual  Aiumialae  than  the  other.  The 
heavier  coating  waa  located  on  the  tube*  that  tiara  oppealte  the  fuel  Inlet. 

Tli a  presence  of  the  coating  confirms  that  the  shutdown  sequence  was  fual-rlch . 
Purging  with  Rj  was  responsible  for  the  nnieyatrlc  coating. 

a.  Teat  1.2-0)-iUC-001 

(U)  The  objectives  of  this  test  were  (1)  to  datemina 

perfornancs  (In  tamo  of  specific  lnpulae  efficiency)  at  70  L*  with  the 
Improved  Mod  III  vena-type  Injector  design  (see  hardware  section)  at  0.7  MX 
and  (2)  to  detaralae  heat  flux  in  the  cnshuetton  chaaber ,  threat  entry  section, 
and  throat.  The  0.7  mixture  ratio  was  chosen  as  a  starting  point  because  It 
waa  representative  of  previous  operation  with  the  Hod  I  Injector  end  would 
serve  ee  e  coupe risoo  between  Nod  lit  and  Hod  Z  Injector  performance. 

(U)  The  engine  sequence  was  eoaentlally  the  eaaa  as  that 

•■ployed  during  the  previous  test  aeries.  Water  was  passed  through  the  fuel 
Injector  during  the  2.5-eec  catalyst  peck  heating  period  ee  e  coolant  and 
purge.  This  flow  wee  discontinued  during  staging  to  the  full  operating 
pressure.  The  catalyst  heating  period  wee  controlled  by  e  timer  Initiated  by 
a  preaeure  switch  sst  to  sosrglsa  st  270  pals  during  ths  HjO^  stsrt  sequence. 
The  HjOj  preheat  flow  rate  wee  about  3.0  lbn/sec.  Steady-state  duration  (time 
at  Pc  greeter  then  90Z  of  desired)  was  established  at  1.2  esc. 

(U)  The  catalyst  peck  was  similar  to  the  peek  employed  on 

the  pre ’loue  teat  series  except  that  five  silver  screens  intarleaved  with  live 
nlckel-aangenaaa  screens  were  added  to  the  front  end  of  the  peck  to  increeee 
activity.  This  modification  raeulted  fron  dlecnsslons  with  Mr.  McCormick  of 
FMC  in  which  he  indicated  that  their  test  reaulta  showed  batter  pack  starting 
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characteristics  with  ths  higher  silver  loading.  Ten  nickel-manganese  acreena 
wore  removed  from  the  downstream  end  of  the  pack  to  compensate  for  the  aldi- 
tions  to  the  front  end.  Pack  dimensions  and  compression  wars  Identical. 

(U)  Only  three  of  four  heat-flux  transducers  ware  instrumented 

because  of  a  limitation  in  the  number  of  chroaal-alumel  instrumentation  channels 
available  in  the  test  facility.  Duplicate  positions  on  each  transducer  (four 
pairs)  were  wired  in  parallel  to  obtain  an  avarage  transient  taaparatura  profile 
for  the  corresponding  depths. 

(U)  The  thrust  chamber  is  shown  installed  on  the  stand  in 

Figure  70.  Note  the  thermocouples  emanating  from  heat-flux  transducers. 

(C)  The  teat  was  satisfactory.  A  specific  iapulae  efficiency 

of  91. 3*  at  sea  level  was  schisvsd  st  a  mixture  ratio  of  0.67  and  a  chamber 
preaaura  of  3061  pale  (Table  VI).  This  represents  an  Increase  of  1.5  to  2.01 
in  performance  over  that  previously  achieved  with  the  Hod  X  Injector.  Steady- 
state  duration  was  1.32  aac  at  greater  than  90X  Pft.  Performance  parameters 
are  plotted  in  Figure  71. 

(U)  The  injector  face  was  deem gad  in  the  canter  and  on  the 

outer  periphery.  An  examination  of  the  records  revealed  that  the  fuel  valve 
closing  was  delayed  significantly  beyond  the  time  originally  planned  as  Indi¬ 
cated  by  the  lag  in  LFTCV  vs  LOTCV  in  Figure  71.  This  caused  a  heavy  surge  of 
fuel  through  the  chaaber  aftsr  ths  oxidlaer  valve  had  closed.  The  high-speed 
motion  pictures  of  the  teat  showed  several  pronounced  pulses  of  flams  from  ths 
chamber  corresponding  to  ths  time  period.  It  is  probable  that  this  uncontrolled 
burning  was  responsible  for  the  damage  to  the  injector.  The  vanes  ware  sub¬ 
sequently  removed  from  the  injector,  and  the  injector  waa  converted  to  Mod  II 
because  of  the  immediate  availability  of  Mod  II-type  vanes. 
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(U)  Low-frequency  oscillations  at  70  cpa  occurred  In  tha 

prebumer.  In  addition,  cha  tevperatura  profile  through  tha  catalyst  pack 
showed  tha  highest  teag>aracura  occurring  daap  in  the  pack  at  tha  No,  4  thanao- 
coupla  poaltion  (TO CP-4  in  Flgur*  72) .  Tanparatura  at  tha  No,  2  (TO CP-2)  and 
3  (TO CP-3)  poaitiona  dropped  during  staging  to  full  flow.  Upon  disassembly, 
it  vaa  dia covered  that  tha  pack  had  baan  inwar tad  during  installation.  Tha 
turbine  simulator  plata  and  preburner  ch saber  ware  heavily  coated  with  ailver. 
It  was  concluded  that  the  inproper  installation  of  tha  pack  was  responsible 
for  the  low- frequency  oscillations.  Fortunately,  Cha  oscillations  wars  not 
raflactad  in  the  ataged-coafeustlon  operation .  Tha  silver-bearing  portion  of 
the  pack  required  subsequent  replacement. 

v 

(U)  Tha  throat  disaster  did  not  change,  but  ehraa  fine-line 

longitudinal  cracks  ware  observed  (sea  Figure  73).  Cracking  of  tungsten 
throat*  la  caused  by  rscryatalliaatl  on,  during  cool-duwn  and  la  noraal  based 
upon  previous  Polarla  and  Ninutaran  experience.  Heavy  deposits  of  Alualalna 
were  found  throughout  tha  chadber,  as  shown  in  Figure  74,  end  aoae  moderate 
grooving  of  the  ablative  notarial  occurred.  Tha  aide  cone  was  very  smooth. 

Tha  chanber,  throat,  end  exit  cone  ware  considered  to  be  ref treble. 

(U)  All  heat-flux  transducer  thermocouples,  except  one  on 

the  transducer  located  in  the  equation  chaaber,  functioned  during  cha  test. 
These  data  are  pteeented  and  discussed  in  Section  IV, I, J». 

f.  Test  1 . 2-03-AAC-002 

(U)  Tha  objective  of  this  teat  was  to  determine  the  perfor- 

<r&nca  of  the  46X  H^O^/Alujeixlne-*!  ay  a  tea  at  40-in.  I*.  No  heat-flux  trans¬ 
ducer*  wars  included  on  this  teat.  A  solid  silver-inf titrated  tungsten  throat, 
with  ablative  chaaber,  entry  aecticm  and  exit  cons  was  used,  Tha  injector 
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used  waa  the  Mod  III  van*- type  injector  (SN  002) .  All  other  operating  condition* 
were  identical  to  Taot  001.  Tha  catalyse  pack  f  roa  the  initial  teat  eerie*  waa 
used  in  tha  p  re  burner.  Tha  TCA  la  shown  installed  on  tha  taat  abend  in 
Figure  75. 

(0)  Tha  sequence  waa  altarad  to  lap rove  the  valve  phaaing. 

The  aaount  of  fuel  valve  lead  during  tha  a tart  tranalant  and  fuel  valve  lag 
during  tha  ahutdown  were  ahorteead.  Tha  fuel  valve  opaalng  and  eloaiag  tinaa 
were  also  iacreaaad  la  an  attenpt  to  reduce  tha  a urge  of  fuel  flow  that  had 
characteristically  occurred  on  start  Cranaianta  in  previous  testa.  In 
particular,  sac  Trace  9  in  fi,  ire  71  on  previous  teat. 

(C)  Tha  taat  wea  satisfactory.  A  specific  lapulsa  efficiency 

of  93. IX  at  aaa  level  was  obtained  at  a  mixture  ratio  of  0.72  mi  a  chaafcer 
pressure  of  3053  pais  (Table  TX).  Performance  paranatete  ate  platted  in 
Figure  76. 

(U)  The  injector  foes  received  only  minor  tube  damage  end 

did  not  require  extensive  repair  (figure  77).  However,  because  of  delay  In 
caustic  cleaning  tha  lnjactor  after  the  taat,  tha  Alunlrins-43  residual 
material  decomposed  and  plugged  tha  tabes.  The  tubas  ware  drilled  to  remove 
the  hardened  residue. 

(U)  Similar  to  Taat  -001,  tha  throat  dlnsasloos  did  not 

change.  Several  hairline  cracks  appeared  in  the  throat  aa  la  Tent  -001.  The 
chaster  ablative  insert  waa  moderately  grooved.  Alunlilne  depoelte  were  con¬ 
siderably  reduced  compered  with  those  resulting  from  Teat  -001,  which  indicated 
that  the  altered  sequence  was  beneficial. 
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(U)  The  prsburner  wee  elm  ia  start inf  end  dropped  in  pack 

temperature  during  steady  state.  This  catalyst  pack  had  been  stored  for  10 
months  and  probably  required  rejuvenation.  It  contained  three  silver  screens 
as  opposed  to  eight  screens  in  the  peek  used  on  Teat  -001.  figure  78  presents 
catalyst  pack  performance. 

(U)  Sone  low-frequency  oeelllatlona  ia  the  range  of  800  to 

1000  epe  at  amplitudes  of  lees  than  3Z  of  steady  state  also  occurred  in  the 
prebumer  on  this  test.  These  oscillations  ware  r endow  in  nature,  and  an 
instability  analysis  did  not  indicate  the  existence  of  an  organised  low. 
frequency  instability. 

«.  Test  1 . 2-03-AAC-00  J 

(U)  The  objectives  of  this  test  were  (1)  to  determine 

performance  at  high  Ml  with  the  70  l*  configuration  to  further  define  the 
performanca/MX  nap,  and  (2)  to  obtain  transient  heat-flux  data.  The  cheaber, 
throat,  and  exit  cone  had  previously  been  fired  on  Test  1.2-03-AAC-001.  The 
Injector  used  was  the  Mod  IX  vane  injector,  8M  001.  The  pretest  setup 
appeared  dollar  to  that  ebown  ia  figure  70. 

(U)  The  use  of  this  Injector  on  thin  test  influenced  the 

choice  of  the  mixture  ratio.  The  injector  had  been  flow  tested  with  water, 
ana  the  data  revealed  that  the  injector  had  a  higher  pressure  drop  than  the 
Mod  III  injector.  Therefore,  a  low  Ml  wee  selected  for  this  teat  condition. 
Also,  It  should  be  noted  that  the  injector  was  operated  with  only  26  of  the 
36  center  tubes.  The  other  tan  had  bean  removed  and  sealed,  because  they  had 
become  filled  with  bream  material  during  the  furnace  b raxing  cycle. 
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(U)  Tha  catalyse  pack,  uaad  on  TmC  1. 2-03-AAC-001,  waa 

rebuilt,  and  tha  silver  screens  vara  raplacad  with  on a  6,  JO»ln.-dia  allvar 
screen  and  aavan  4.58-ln.-di*  allvar  screen*.  (Additional  6. 50-in. -die  allvar 
screens  vara  not  available.)  Tha  latter  acraana  vara  a lead  (or  uaa  In  tha 
high-throughput  pack;  hovavar,  thay  vara  usable  In  this  pack  by  placing  than 
in  tha  pack  in  a  clovar-laaf  pattern,  ill  of  tha  silver  acraana  vara  Inter¬ 
leaved  with  12-naeh  nickel-— ngoneae  acraana. 

(U)  Adjuatnenca  to  further  reduce  fuel  valve  opening  lead 

and  fuel  valve  cloning  lag  on  startup  and  shutdown,  respectively,  were  again 
weds  in  tha  angina  sequence.  The  planned  fuel  valve  lead  on  startup  for  thlo 
taat  vaa  30  el  11  la ac  coaparad  to  100  allllaoc  oa  tha  previoua  cast.  Changes 
wars  doe  Irak  la  In  this  sequence  to  radueo  the  surgo  of  fuel  flow  during  staging. 
The  fuel  valve  log  on  shutdown  van  reduced  froe  200  nil 11 a sc  nnparlancnd  on  the 
previoua  teat  to  100  allliasc  an  this  test— again,  for  the  sans  reasons  as 
aantlonod  on  Teat  1.2-03-AAC-002.  Tha  thrust  chafer  preasura  avitek  setting, 
which  starts  the  steady-state  Clear,  was  increased  froe  2270  to  2500  to  obtain 
a  longer  steady-state  period.  This  had  tha  net  efface  of  increasing  tha 
ataady-stata  period  by  about  200  ellllaec.  In  addition,  the  fuel  injector 
vater-cooleat  purge  flow  woe  lncraaaad  froe  about  1.25  lbe/sac  to  4.2  lbe/eoc 
during  start  and  waa  substituted  for  tha  1500-pelg  nitrogen  purge  of  tho 
Injector  during  shutdown.  This  wee  done  to  cool  tha  lnjoctor  venae  and  tubas 
more  eff actively. 

(C)  the  teat  waa  satisfactory.  A  epadflc  lnpulaa  efficiency 

of  92. 7Z  at  saa  level  waa  obtained  at  a  elxtura  ratio  of  0,83  and  a  chancer 
pressure  of  3007  pels.  Perforeencs  paronotara  era  shown  In  Figure  79. 

(U)  Exaninatlon  of  oscillograph  and  high-frequency  taps 

records  revealed  that  all  pressures  vara  swooth  and  stable  with  uo  evidence 
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of  oscillatory  behavior.  Thla  la  significant  bacauaa  It  shows  that  high 
performance  nay  be  achieved  with  thla  propellant  aye t as  under  sxtrensly  etable 
•teady-atate  conditions. 

(0)  The  injector  received  elnor  e roe Ion  on  lta  periphery  at 

a  location  between  6  and  9  o'clock  (with  reepect  to  tha  handling  lug  at 
12  o'clock).  See  figure  90.  four  snail  peripheral  Cuban  adjacent  to  the 
wall,  three  center  tubee,  and  three  tubea  In  various  other  locations  were 
eroded.  These  were  subsequently  intentionally  seeled.  The  regaining  tubea 
wara  found  to  be  generally  free  of  residue.  Thus,  tha  water  purge  on  shutdown 
was  found  to  ba  beneficial  and  was  used  for  tha  ronalalng  casts. 

(U)  Tha  ablatlva  liner  in  the  ehaabsr  in  addition  to  ablative 

loss  of  notarial  was  also  grooved  over  th<  first  4-1/2  in.  just  below  the 
injector.  The  heat- flux  transducer  in  the  coabuotlon  cheek a r  was  exposed  free 
1/8  to  3/16  In.  because  of  the  lose  of  phenolic  edjnnnnt  to  it.  lone  grooving 
of  the  throat  also  occurred  la  the  cracked  areea  which  warn  observed  after  the 
first  firing  (see  figure  SI).  The  exit  cone  eroded  to  e  depth  ef  1/8  to  1/4  in. 
just  downs tr see  of  the  threat.  Thla  behavior  ia  typical  of  what  haa  elan  bean 
observed  in  solid  no tor  firings. 

(U)  The  catalyst  peek  started  about  one  sec  after  initiation 

of  start  and  functioned  saoothly  throughout  the  teat.  A  nexinun  steedy-etete 
coloratura  of  1803*f  wee  recorded  by  the  TOC? -2  thercoooupla  position. 

Figure  82  shows  the  t  stops  return  profiles. 

(U)  The  four  taaperaturs  profiles  recorded  ia  tha  threat 

heat-flux  transducer  appeared  to  be  valid  end  are  presented  below.  Only  two 
apparently  valid  tewpereture  profiles  wara  obtaiasd  In  tha  aotxle  entry  and 
nozsle  exit  transducers,  reflectively. 
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h.  Tlitt  1.2-03-AAC-004  and  -005 

(U)  Tha  objective  of  these  t«*ti  use  to  determine  performance 

at  or  near  0.5  m  with  tha  40-ln.  L*  chamber.  Tha  cheaber,  an  try  aaction, 
throat,  axle  cone,  and  Injactor  ware  tha  aaaa  hardware  as  that  usad  on  "Test 

1 . 2- 03- AAC -002 .  During  ropalr  of  cha  Injactor  thraa  tubas  wars  latantlonally 
aaalad,  bacausa  drills  vara  brokan  off  In  thaa  during  a  drilling  oparatlon  to 
raiaova  losldual,  daco^oscd  Alualaina.  However,  It  Is  fait  this  would  not 
significant);  offset  parforaaaca.  Tha  taat  eat  up  was  similar  to  that  shown  in 
Figure  75. 

(U)  Tast  i.  2-03-AAC-004  was  earalnstad  during  tha  start 

translant  by  s  malfunction  datactlon  circuit.  Tha  fual  valve  fallad  to  opan 
bayond  20Z.  Tha  sequence  requires  that  s  valva  switch  on  tha  fual  valva  naka 
contact  bafora  a  valva  switch  on  tha  aaln  oxldisar  value.  (Mots:  Prior  to 
this  taat,  during  tha  oequence  chuck,  tha  fual  valva  was  lnadvartantly  opanad 
with  Alueialna-43  present  undar  pressure  just  upstraaa  of  tha  valva. 
Alualslne-43  pasaad  Into  tha  Injactor  and  tka  Injactor  had  to  ba  raaovad  and 
claanad. ) 

(U)  The  malfunctioning  fual  valva  was  raplacsd,  and  Tast 

1 . 2 - 03- AAC -005  conductad.  Mo  chan gat  In  eequencs  wars  node, 

(U)  Injactor  oparatlon  on  this  cast  was  unsatisfactory  and 

producad  questionable  parforaaaca  data.  Tha  two  vanaa  at  a  location  of 
6  o'clock  cloggad  with  rasldual,  decomposed  Alunlslna  and  erodad  during 
tha  firing.  Tha  clogging  caused  a  nonaywaatrlcal  distribution  of  tha 
flaou  front  and  raaultad  lu  erosion  of  aavaral  adjacent  vanaa,  as  wall.  Tha 
unbalance  In  tha  oxldisar  flow  had  raaultad  In  a  significant  mixture  ratio 
distribution  loss.  For  this  Injector  design,  under  norael  Injector  operation, 
this  lots  la  considered  negligible. 
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(U)  The  performance  data  vara,  however,  analysed  by  tha 

performance  interaction  technique  and  are  discussed  in  a  succeeding  aactlon. 
Test  parameters  are  shown  in  Figure  83  and  Table  VI. 

(U)  Thera  are  two  possible  causes  for  this  occurrence. 

Either  nr  both  of  the  causae  could  have  been  responsible  for  plugging  of  tha 
vanes,  and  subsequently,  the  burnout.  They  were: 

(U)  (1)  A  leak  wee  found  in  tha  fuel  aelect  waive,  a 

2- in.  ball  valve  about  2  feet  upstreaa  of  the  fuel  valve;  this  was  evidenced 
by  a  thick  (1/8  in.)  coating  of  decoepoaed  A1 uni line  that  was  found  on  the 
inner  surface  of  the  line  between  the  two  valves.  It  is  considered  that  the 
select  valve  began  leaking  prior  to  Tact  1. 2-03-AAC-003.  A  eye tow  hydraulic 
analysis  wee  made  and  tended  to  verify  this  hypothesis .  It  waa  found  on  Teat 
1.2-0 3-AAC-003  that  preaaure  drop  in  tha  fuel  eyatea  between  the  lntenslfler 
outlet  and  the  fuel  aunlfold  increased  slightly,  froa  that  observed  in 
Test  002.  This  indicated  that  decomposed  Alualelne  had  reduced  tha  line  eras. 
During  tha  s' art  transient,  chips  of  dried  Aluwlelne  could  have  been  carried 
into  tha  Injector  and  caused  tha  blocking  of  tha  two  vanes.  Mote:  Tha  lint 
between  tha  two  valves  is  noreally  purged  with  nitrogen  during  prefire  check 
of  fuel  valve  sequencing. 

(U)  (2)  Alualelne  could  have  entered  the  Injector  eenifold 

during  the  partial  opening  of  the  fuel  valve  during  Teat  1. 2-03-AAC-004  end 
flowed  to  the  bottom  of  the  manifold  (6  o'clock).  There  it  nay  have  remained 
and  dried  through  evaporation  of  tha  hydreslne  component  while  preparations 
were  being  made  to  conduct  Test  1.2-03-AAC-005.  This  test  was  conducted  about 
4  hr  after  Teat  1.2-0 3-AAC-004. 


(17)  The  purpose  of  the  fuel  select  valve  is  to  keep  the  line  from  the 

lntenslfler  to  the  valve  filled  with  Alumizine,  thus  minimizing  cleaning 
between  tests  and  permitting  prefire  sequencing  of  the  fuel  valve. 
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(U)  The  catalyst  pack  functioned  satisfactorily  on  both 

tests.  Catalyst  pack  performance  for  Teat  1. 2-03-AAC-(X)3  la  shown  in 
figure  84. 

(U)  The  Injector  van  removed,  end  all  the  vaaea  were  replaced. 

1.  Teats  1.2-03-1X0-006  and  -007 

(U)  The  objective  of  these  testa  was  to  determine  performance 

of  98X  H^O ^ /Alu«l* tce-41  at  or  near  a  0.5  7*  with  achesXer  characteristic 
length  (L*)  of  70  In.  The  chamber,  entry  section,  throat,  and  exit  cone  had 
not  been  previously  tested.  The  throat  a.*  as  ably  wea  Instrumented  with  three 
heat-flux  transducers.  These  data  were  supplementary  to  those  collected  during 
Tests  1.2-03-AXC-001  end  -003.  These  data  would  be  used  to  calculate  heat  flux 
If  the  data  from  those  teats  ware  found  eo  be  Inadequate. 

(U)  A  new  (rebuilt)  Mod  111  Injector  waa  used  for  the  testa. 

(U)  The  sequences  were  the  same  as  thoaa  used  for  Test 

1.2- 03-AAC-005.  The  teat  setup  was  elmilsr  to  that  shown  In  Figure  70. 

(0)  Teat  1 . 2-03-AAC-006  was  discontinued  efter  ebout  20  eec 

of  HjOj  bleed  (preheat)  whan  the  angina  failed  to  ataga  to  operating  flows  and 
pressure.  A  poetflra  Inspection  indicated  that  the  thrust  chamber  pressure 
switch,  which  Initiates  the  catalyst  preheat  timer,  had  not  actuated.  The  teat 
• ecorde  Indicated  that  the  switch  waa  set  to  actuate  at  a  praeaure  above  that 
,ichlc'*ed  during  the  preheat  flow  condition. 

(C)  The  thrust  chafer  pressure  switch  was  reaat,  and  Teat 

1 . 2- Q3-AAC-007  waa  than  conducted.  This  test  was  satisfactory,  and  a  specific 
impulse  efficiency  of  91. IX  waa  obtalnad  at  a  0.49  MR  and  a  chamber  pressure  of 
1977  pslj.  Performaro.'  date  are  plotted  on  Figure  85. 
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(U)  exhaust  particles  wars  collected  on  this  teat  with  rhe 

same  device  used  on  Test  1 .2-02-AAC-004,  Analysis  of  these  particles  is 
reported  in  Section  111,0,4, 

(U)  A  postfire  inspection  of  the  hardware  Indicated  that  the 

cuter  periphery  of  the  injector  was  eroded  over  about  60Z  of  its  clrcuafarance 
and  14  of  the  outer  tubas  at  the  vail  vara  bunted.  Several  oehar  tubes  on  the 
main  faca  of  the  injector  were  damaged.  Soaa  plugging  was  also  evident.  It 
was  determined  that  16  of  the  36  venae  would  have  to  be  replaced  to  restore  the 
Injector  to  reftrabla  condition. 

(U)  The  ablative  liner  aaterlal  on  the  chasber,  exit  cone, 

and  throat  entry  section  were  in  excellent  condition,  slailar  to  Figures  73 
and  74.  The  throat  retained  its  original  dimensions,  but  again  shoved  some 
hairline  cracks.  Such  cracks  have  been  observed  after  each  test  with  a  new 
throat.  In  general,  the  ablative  and  tungsten  hardware  was  in  excellent  con¬ 
dition  after  the  first  exposure  to  the  combustion  environment. 

(U)  Again,  as  in  the  previous  valid  tests,  all  oscillograph 

pressure  traces  vers  smooth  and  stable,  and  no  abnormal  oscillatory  behavior 
was  evident. 

(U)  The  catalyst  pack  started  quickly  and  functioned  smoothly 

throughout  the  test.  A  peak  steady-state  temperature  of  1812*F  was  achieved 
at  tha  No.  3  tharmocoupla  position.  Tha  pack  paramatera  ara  shown  in 
Figure  86. 

(U)  Three  velld  temperature  profiles  were  obtained  on  each  of 

the  heat-flux  transducers.  These  date  were  held  for  possible  calculation  of 
heat  flux.  The  temperature  profiles  ara  shown  In  Figuras  87,  88  and  89. 
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Figure  87.  CC  (Combustion  Chamber)  Heat-Flux  Transducer  Temperature, 
Test  1.2-03-AAC-007  (u) 
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J.  Test  1. 2-03-AAC-008 

(U)  Tlie  objective  of  this  teet  was  to  determine  the  perfor¬ 

mance  of  902  with  Alumislne-43  at  a  mixture  ratio  of  about  0.5.  The 
chamber  (40  L*) ,  entry  cone,  throat,  and  exit  cone  ware  new.  The  Injector  used 
was  the  modified  Mod  II  vaned  injector  previously  used  on  Teat  1.2-03-AAC-003. 
Twenty  of  the  36  small  tenter  tubas  and  7  of  the  other  injector  face  tubes  had 
been  plugged.  It  was  realised  that  these  modifications  might  reduce  perfor¬ 
mance;  however,  this  Injector  wee  the  only  vaned  unit  remaining  for  test.  No 
heat-flux  transducers  ware  lnatrumantsd;  and  the  angina  sequence  waa  the  same 
as  that  used  for  Teat  007.  The  catalyst  pack  wee  the  seas  as  that  used  during 
all  tests  since  Test  1.2-03-AAC-003. 

(C)  The  teet  wee  eeelsfectory ,  end  a  specific  l^ulse  effi¬ 

ciency  of  88.82  et  en  MR  of  0.S3  end  chamber  pressure  of  3,068  pel*  wee 
achieved.  The  relatively  lew  1^  efficiency,  compared  to  results  with  982  H^Oj, 
was  probably  a  reault  of  unbalanced  MR  distribution  across  tha  lnjsctor  face 
caused  by  tha  elimination  of  aotaa  of  tha  Injector  tubes.  Performance  parameters 
arc  shown  In  Figure  90. 

(U)  The  Injector  eroded  on  the  periphery  et  e  location  of 

9  o'clock  (with  respect  to  the  handling  lug).  The  injector  wee  Immersed  in  hot 
caustic  iiratsdiately  following  the  test,  and  tha  proesdurs  cleaned  virtually  all 
the  tubes.  Only  two  tubes  required  drilling  to  remove  decomposed  Alumizlne. 
Several  erodeu  tubes  were  Intentionally  sealed  prior  to  Test  1.2-03-MC-009. 

(U)  Minor  erosion  of  tha  throat  occurred,  on  this  teat,  as  a 

result  of  unequal  MR  distribution  and  oxidlzer-rlch  zones  occurring  across  the 
face  of  the  injector.  However,  it  was  difficult  to  measure  the  extent  of 
throat  erosion,  since  there  was  a  heavy  deposit  of  AljO^  and  residual  Alumizine 
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on  the  throat:  after  the  teat.  All  the  ablative  components  were  In  good 
condition. 

(U)  All  prataure  traces  ware  anooth  and  there  was  no  evidence 

of  unstable  behavior.  The  catalyst  pack  started  easily  (Figure  1)  with  the 
lower  concentration  peroxide.  The  maximum  decomposition  teopersturs  In  the 
pack  was  1450*F. 

k.  Teat  1.2-0 3-AAC-009 

(U)  This  test  hsd  the  objective  of  determining  performance 

of  90Z  with  Alumlxln«»43  at  or  near  an  MR  of  0.7.  .The  hardware  used  on 
this  test  was  the  same  as  that  used  on  Test  1. 2-03-AAC-008. 

(U)  The  test  wss  tsrmlnsted  during  the-  stert  transient  by  a 

malfunction  detection  circuit.  Thus,  no  atmady-atate  data  wave  obtained.  A 
thrust  chamber  pressure  switch  preset  to  Initiate  the  atesdy-atate  period  at 
about  2600  psla  hambar  preseure  failed  to  actuate  within  the  prescribed  time 
limitation  of  1.4  sec  after  staging  began.  In  all  other  respects,  the  test 
appeared  to  proceed  as  programed. 

(0)  The  Injector  eroded  more  extenalvely  on  the  periphery, 

and  tubes  and  vanes  were  badly  pluggad.  Repeated  exposure  to  the  hot  caustic 
solution  was  unsuccessful  In  cleaning  the  Injector.  Major  repair  would  have 
been  required  to  permit  retesting  of  this  Injector. 

l.  Test  1.2-03-AAC-010 

(U)  This  test  had  the  same  objectives  as  the  previous  test, 

i.o.,  performance  ot  902  HjO^/ Alumirlnu-43  at  about  0.7  MR.  The  70  L*  chamber 
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Figure  91.  Catalyst  Pack  Perfomaace,  Test  1.2-03-AAC-008  (a) 
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and  che  tungsten  throat  retaining  fro*  Test  1. 2-03-MC-007  were  used.  The 
Injector  was  a  modification  of  the  tubular  injector  (44  tubea)  which  had  been 
used  on  Test  1.2-02-AAC-004.  Three  to  four  weld  beads  hod  been  added  to  the 
outlet  of  each  tube  to  obtain  greater  Alumlslae-43  surface  exposure  and  dis¬ 
persion  as  it  la  Injected  Into  the  chamber. 

(U)  The  thrust  chamber  pressure  switch  was  reset  to  a  lower 

actuation  pressure  of  2.330  peia  to  ensure  initiation  of  the  steady-state 
period  (reset  to  a  value  of  1.4  sec). 

(C)  The  tost  was  satisfactory  and  a  specific  lmpulas  effi¬ 

ciency  of  90. OX  was  achieved  ae  NR  of  0.7b  and  a  chamber  pressure  of  2,737  peia. 
The  chamber  pressure  was  somewhat  lower  (Figure  92)  on  this  tast  because  tha 
treasure  drops  across  the  fuel  injector  and  the  turbine  simulator  wars  higher 
than  enticipeted. 

(C)  A  poetflre  inspection  of  the  hardware  indicated  that  the 

Injector  was  in  perfect  condition  (Figure  93).  However,  tha  throat  was  aaveraly 
eroded  in  a  manner  similar  to  that  experienced  during  tha  first  teat  of  the 
Injector.  It  should  be  noted,  though,  that  performance  of  this  Injector 
Increased  dramatically  from  84.3X  on  Teat  1. 2-02-AAC-004  to  90. OX  on  this  test 
oimply  by  increasing  Alumlslne  dispersion.  The  throat  damage  further  substanti¬ 
ates  the  need  for  fine  Injection  end  the  elimination  of  streaks  to  operate  with 
tungsten . 

(U)  The  catalyst  peck  started  eswothly  end  functioned 

perfectly,  and  produced  a  maximum  decomposition  temperature  of  1489*F.  The 
gas  temperature  downstream  of  the  pack  was  1433*F  (Figure  94). 
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4.  Performance  Analysis 

a.  General 

(U)  Tho  performance  technique  used  for  this  program  wai 

the  Interaction  Theory  method  as  described  In  Appendix  II.  In  order  to  apply 
the  Interaction  Theory,  the  sea-lausi  test  data  were  corrected  to  vacuum 
conditions  and  magnitudes  of  Individual  performance  losses  were  established. 
Separation  of  the  total  engine  performance  losses  into  individual  losses  allows 
the  sourcee  of  performance  degradation  to  be  Isolated  and  minimised.  A  store 
eccurete  extrapolation  of  the  sea-level  test  data  to  altitude  condition*  or 
to  another  thrust  level  cen  be  achieved  by  using  the  Interaction  theory. 

(U)  Two  basic  configurations  of  secondary  Injectors  were 

tested.  The  16-vane  Injector  coaalaeed  of  396  fuel  Injection  tubes  which  were 
designed  to  uniformly  disperse  the  fuel  across  the  Injector  face  for  maximum 
performance.  Three  fuel  injection  tuba  modifications  of  the  vane  Injector 
concept  were  tested  with  their  major  differences  as  described  In  Section  IV, 0,1. 
Two  variations  of  ths  44-f;5?  Injector  assembly  were  also  testsd.  The 
original  design  consisted  of  4  tubular  orifices;  whereas,  the  modified 
injector  orifices  Included  a  pattern  of  weld  beads  to  Improve  atomisation 
characteristics.  Ths  Injectors  wars  tested  with  chanters  having  characteristic 
chamber  lengths  (l*)  of  40  and  70  In.  with  S:1  contraction  ratio  and  10:1 
nozzle  exit  area  ratio. 

b.  Overall  Englna  Performance  Efficiency 

f U )  The  lumnarlied  tent  performance  data  are  tabulated  In 

T.ible  VII.  Engine  efficiency  Is  plotted  versu*  mixture  ratio  In  Figure  95. 
i'i;  it  .is  were  conducted  during  this  program  over  a  mixture  ratio  range  of 
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from  0.49  to  0.83.  Eight  teste  were  conducted  with  98S  and  the  lest  two 

tests  were  with  901  H^Oj.  No  discernible  difference  In  engine  efficiency  could 
be  noted  with  the  change  in  HjO^  concentrations . 

(C)  Nine  of  the  ten  teste  exceeded  the  87X  nlnieue  prog  ran 

perforeence  goal.  It  wee  determined  that  energy  release  loss  wee  the  major 
performance  loss  of  the  Advanced  Propellent  Stsgtd-Combuetioa  System  end  that 
the  lose  could  be  influenced  by  injector  design  and  to  a  lesasr  extant  by  L*. 
Only  the  overall  results  will  be  presented  in  this  section  with  further  dis¬ 
cussion  of  individual  loesee  co  be  followed  in  Section  4,c,  below. 

(C)  Initially,  two  70  L*  tests  were  conducted  with  the  Mod  a 

vans  injector.  An  engine  efficiency  performance  of  89. 7X  of  theoretical  wee 
obtained  end  exceeded  the  (Minimum  program  performance  requirement.  However, 
the  Mod  I  injector  had  been  modified  to  reduce  its  pressure  drop  at  the 
expense  of  lte  poteatlel  performance.  Chengee  were  made  co  Che  Mod  II  and 
Mod  III  configurations  to  obtain  more  uniform  fuel  distribution  end  the  engine 
performance  efficiency  improved  to  approximately  91. 71  of  theoretical.  Three 
additional  teats  of  the  Mod  II  end  III  injectors  were  conducted  with  the  40-in. 
I*  chamber.  Two  tests  indicated  approx*  lately  2.SZ  decrease  in  efficiency. 
However,  one  teat  indicated  a  93.21  efficiency  (1.52  Increase)  which  wee  the 
highest  indicated  efficiency  achieved  in  ell  the  stsgsd-crmfeuetlon  tests.  This 
high  performance  wee  unexpected  with  the  reduced  L*  (40  in.),  end  the  teat 
date  were  subjected  to  an  axtanalve  analysis.  No  errors  could  ba  found.  It 
is  fait,  therefore,  that  tha  data  point  la  correct,  end  the  high  performance 
can  ba  attributed  to  the  increased  mixture  ratio  end  the  Improved  fuel 
distribution. 

(C)  Only  one  of  the  r.en  valid  teste  did  not  achieve  the  8  72 

minimus  performance  goal.  This  test  was  conducted  with  the  original  44-tube 
injector.  Because  ol  the  coarse  fuel  injection  distribution,  the  f ue ' 
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,i>,' ::ii 2ut  1  on  and  dispersion  were  not  as  fin#  as  that  achieved  by  the  396-tube 
v  ine  injector  and  only  83.9%  of  theoretical  specific  impulse  was  obtained.  To 
i -prove  the  atomisation  characteristics  of  the  tubular  injector,  the  fuel 
Injection  tips  were  modified  by  a  partem  of  weld  beads  and  90.2%  engine 
efficiency  was  obtained  with  the  modified  44-tube  Injector.  The  injector  was 
operated  with  90%  end  Alualslna;  however,  the  perfontsnee  efficiencies  of 

the  90%  H^Oj  end  98%  ere  comparable. 

c.  Detail  Performance  Loes  Analysis 

(U)  Not  ell  of  the  ten  possible  performance  losses  considered 

by  the  Interaction  Theory  method  of  analysis  were  significant  enough  to  warrant 
consideration  in  the  98%  HjOj/Alumlsine-43  system.  The  magnitude  of  the  noatle 
heat  loss  was  estimated  to  be  only  about  0.1%  or  last  of  vacuum  (pacific  Impulse 
and  was  therefore  neglected.  Kinetic  losses  were  also  negligible  at  the  high 
chamber  pressures  and  moderatf  ault-aree  ratios  considered  for  the  advanced 
propellant  system.  Mass-distribution  effects  were  likewise  neglected  because 
ness  distribution  at  the  face  of  the  secondary  injector  was  essentially  uniform. 
Thus,  only  nosxle-frictlon  and  nossle-gcometry  losses;  chamber  heat  and  friction 
losses ;  end  energy-re lease ,  mixture-rstlo-distributlon ,  and  gss-psrtlcls 
performance  losses  wars  considered  potentially  significant  for  this  snslysl > 
and  a  discussion  of  the  resulting  detail  analysis  follows. 

(1)  Nossls  Prlctlon  Lots 

(U)  Nossls  friction  loss  was  calculated  by  using  Asrojet- 

Ceneral's  Computing  Services  Division  Program  P-133,  which  is  based  upon  the 
extended  Fronkl-Volshel  expression  for  average  skin  friction.  Nozzle  friction 
loss  is  primarily  determined  by  nozzle  length.  Friction  loss  for  the  smooth- 
a  l  led  nozzle  of  the  Advanced  Propellant  Staged-Combustlon  engine  with  an 
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exit-area  ratio  of  10:1  and  an  exit  half-angla  of  IS  degiees  was  found  to  be 
Less  than  1Z  of  theoretical  vacuum  specific  lirpula*.  A  slight  roughening  of 
the  nozzle  surface,  caused  by  minor  ablation  of  the  notzls  wall  during  testin'?, 
was  not  considered  significant  enough  to  require  correction  for  rough  wall 
nozzle  friction  lot*. 


(2)  Nosxle  Geometry  Losa 


(U)  The  noesle  geometry  loea  wea  calculated  on  Aerojec- 

Ceneral's  Computer  Program  10036  to  be  about  1.71  of  tha  sua  of  delivered 
•pacific  Impulse  and  noasla  geometry  lose. 


I 

s 


N.C. 


1.71 


(j)  Chamber  Heet  end  Friction  Loaa 


<U)  The  effect  of  chamber  boundary  layer  (heet  end 

friction)  lone*  on  the  performance  of  a  large  rocket  engine  le  insignificant 
because  the  chamber  surface  area  per  unit  of  propellant  flow  rata  la  lov: 
therefore,  theca  loases  are  usually  combined  with  tha  energy  release  loss. 
However,  in  smeller  rocket  engine*  these  losses  become  algnltlcent;  If  summed 
with  the  entrgy  release  lose  end  then  eceled  to  the  losses  of  a  large  engine, 
tha  error  In  thi i  extrapolation  may  become  quite  large,  predicting  higher-chan- 
actual  performance  losses  for  larger  engines,  end  conversely,  lover-than-actuel 
losses  for  smeller  anglnee.  Since  the  Advanced  Propellant  St aged-Combustlon 
engine  Is  of  intermediate  else  (20,000  lbf  thrust)  these  losses  were  Identified 
separately. 


(U)  The  heat  transfer  Co  tha  at lativ#  chamber  llnar  was 

found  to  ba  minor  du*  to  tha  low  thermal  conductivity  of  tha  ablative  material. 
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However,  the  heat  transfer  to  the  sllver-tnfiltrsted-tungsten  throat  Insert 
was  significant.  The  naan  bulk  tempsratur*  within  the  thermal  boundary  layer 
was  calculated  to  ba  reduced  by  about  1*  hicause  of  chamber  heat  loss.  The 
effect  of  this  heat  loss  upon  angina  performance  was  to  decrease  overall 
specific  impulse  by  about  Q.S  sec.  Of  this  performance  loss,  about  75X 
occurred  upstream  of  the  throat  and  the  remainder  (an  Interaction  loss) 
occurred  within  the  notale  expansion  cona.  Viscous  affects  in  the  chamber 
resulted  in  a  drag  of  about  39  Ibf,  corresponding  to  a  performance  lost  of 
about  0.5  aec  with  the  70 -in.  L*  chamber. 

(U)  The  methods  used  to  calculate  chamber  heat  and 

friction  losses  are  presented  in  Appendixes  11  and  Ill,  respectively. 

(4)  Mixture-Ratio  Distribution  Lots 

(U)  The  theoretical  specific  iapulae  of  HjOj/Aliaalsine-AS 

decrease*  almost  linearly  with  increasing  mixture  ratio  over  the  range  of  from 
0.5  to  1.0.  Therefore,  for  small  perturbation*  in  local  mlxcure  ratio  the 
decreased  theoretical  performance  in  a  stream  tub*  with  a  higher-than-nominal 
mixture  ratio  la  almost  exactly  offset  by  the  Increase  in  theoretical 
performance  In  an  adjacent  stream  tube  with  *  lower-chan-nominal  mixture 
ratio.  Thus  the  performance  loss  attributed  to  mixture-ratio  distribution 
was  zero  for  all  tacts  listed  in  Table  VII  with  the  exception  of 
Test  1.2-03-AAC-005.  On  this  test,  two  sdjar.ent  vanes  of  the  36  svallable 
vanes  were  completely  plugged  and  restricted  to  fuel  flow  prior  to  testing. 

A  pure  oxidizer  sector  resulted  with  the  remainder  of  the  Injector  face  being 
fuel  rich.  The  resultant  maldistribution  in  local  mixture  ratio  waa  responsible 
for  the  2-6-sec  performance  loss  noted.  Only  with  such  gross  deviations  are 
::iixcure-ratio  distribution  losaas  possible  with  H^O^/Aiumlzlne-  43.  Several 
tests  were  conducted  with  the  v«n«  Injector  In  which  several  fuel  Injection 
tubi-s  at  the  Injector  axis  were  removed  and  sealed  without  additional  Loss. 
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(S)  fiaa-r<rtlcla  Two-Phase  Plow  Losses 

(C)  Particle  samples  were  collected  in  the  exhaust  plume 

and  analysed  for  both  the  vane  and  tubular  injectors.  Only  particles  having 
diameters  of  0.1  micron  (u)  and  larger  were  considered.  The  cumulative  saaplc 
weight  is  plotted  versus  particle  diameter  In  Figure  96  for  both  injectors. 

The  following  statistical  averages  ware  computed  with  the  two  samples: 


Inlector 

396-Tub*  Vane 

44  Tubular 

Number  of  Particles  Counted 

972 

1331 

Test  No. 

1.2-03-AAC-007 

l . 2-02-AAC-004 

Hass  Median  Diameter,  microns 

1.83 

2. 59 

Mass  Mean  Diameter,  microns 

1.21 

1.33 

Number  Mean  Diameter,  microns 

0.93 

0.74 

It  was  noted  that  the  396-tubs 

vane  Injector  yielded  a 

finer  particle  aise  and 

a  more  uniform  distribution  with  fewer  small  and  fewer  large  particles.  This 
was  attributed  to  th»  finer  and  more  uniform  secondary  Alvsnlslne  lnjactlon 
distribution. 

(C)  It  was  shown  that  represantatlve  gas-partlcl u 

performance  losses  can  be  calculated  by  using  the  measured  maos  median  particle 
diameter  instead  of  the  actual  parilcla-slta  distribution.  Figure  97  shows 
the  effect  of  particle  diameter  upon  two-phtse  flow  loaeea  for  the  mixture- 
ratio  range  of  0.5  to  1.0.  The  performance  loss  Increases  with  Increasing 
particle  diameter  because  of  the  greater  thermal  and  velocity  lags  for  larger 
particles.  The  loss  also  Increases  with  decreasing  mixture  ratio  because  of 
increasing  mass  fraction  of  particles  at  the  lower  mixture  ratio.  Tha  two- 
phase  flow  losses  presented  in  Table  VII  are  baaed  upon  the  measured  1.03c 
muss  median  particle  diameter  for  the  vane  Injector  and  2.S6u  diameter  for  the 
da  tuouiar injector.  The  resultant  two-phase  flow  losses  ranged  between  1.35 
t-j  J.J..  ol  theoretical  specific  Impulse. 
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(6)  Energy  Release  Lots 

(U)  Tha  performance  degradation  attributed  to  energy 

release  lost  was  the  single  moat  significant  performance  loss  of  the  Advanced 
Propellent  Stsgcd-Combustlon  System.  There  are  two  possible  sources  for 
energy  release  loss  In  the  HjOj/Alimrtxlne-Al  propellant  system.  The  flrat 
loss  la  caused  by  reduced  availability  of  aluminum,  which  occurs  when  the 
temperature  of  the  combustion  flame  is  too  low  to  nit  the  il minuet-oxide 
coating  on  tha  aluminum  fuel  particle.  The  other  source  of  loae  is  attributed 
to  vaporisation  end  reaction  rate  limitations  In  attaining  complete  combustion 
and  energy  raleaee  efficiency. 

(a)  Reduced  Aluminum  Availability 

(U)  The  energy  release  loae  attributed  to  reduced 

coebuation  enthalpy  of  unteacted  aluminum  may  occur  either  because  of  Insuffi¬ 
cient  chemical  reaction  time  or  because  of  reduced  aluminum  availability.  If 
the  lose  occur*  because  of  Insufficient  chemical  reaction  time,  an  increase  In 
tesidence  time  (increased  L*)  will  eventually  eliminate  this  lose  end  will  be 
discussed  in  the  following  aactloa.  However,  If  the  lose  occurs  because  of 
reduced  aluminum  availability,  1.*.,  the  aluminum  contained  In  the  Alumlxlne-4) 
Is  not  heated  sufficiently  to  combust,  a  performance  lose  as  greet  aa  10%  can 
occur  even  with  an  Infinitely  long  chamber.  It  has  been  found  that  tha  com¬ 
bustion  of  aluminum  Is  Influenced  by  the  melting  of  a  protective  oxide  coating. 
The  melting  point  of  aluminum  oxide  Is  4172’*  (JANAF  data),  which  1*  approxi¬ 
mately  the  observed  Ignition  temperature  of  aluminum.  Thus,  If  the  temperature 
of  the  reaction  is  tot  above  42QO'R,  it  Is  qv.lt*  possible  that  the 

aluminum  will  net  Ignite.  The  theoretical  combustion  flam*  temperature*  for 
both  the  H2U2^N2H4  reactions  are  shown  in  Figure  98  a*  a  function 

of  the  met  allied  propellant  mixture  ratio  from  0.5  to  1.0.  Pretest  analysis 
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Indic-ted  that  at  the  lower  and  of  mixture  ratio*,  th#  fle.me 

temperature  (which  neglnct*  heat  lo»*  to  th«  aluminum)  wa*  marginal  for  assurance 
oi  Al^Oj  melting  bated  on  the  combustion  theory.  However,  analyst*  of  the 

test  data  Indicated  that  no  perceptible  Increase  In  performance  lot*  could  be 
attributed  to  reduced  aluminum  availability  down  aa  low  aa  0.487  mixture  ratio. 
Tharefora,  It  mutt  be  concluded  that  even  with  marginal  fleam  tempara- 

tura*,  local  Ignition  of  the  aluminum  occurs  and  provldea  sufficient  heat  to 
permit  complete  aluminum  availability.  However,  it  la  also  reallaad  that  tome 
lowar  ml xtur*- ratio  Holt  mu* t  axiat  where  the  alumlnw  will  no  longer  become 
available  for  combustion. 


(b)  Vaporisation  and  Reaction  Kata  Limltad 
Energy  Release  Loss 

(U)  Propellant  vaporisation  rates  have  been  cal¬ 

culated  analytically  for  conventional  propellant  eyetema  on  the  beela  of  Injec¬ 
tor  deelgn  parameter*  which  Influence  atomisation,  from  propellent  transport 
propartlea  which  determine  propellant  volatility  and  from  chamber  design 
criteria  which  determlna  propellant  rail  dance  time  within  the  chamber.  The 
energy  release  efficiency  of  such  engines  can  often  be  predicted  from  vaporisa¬ 
tion  criteria  within  an  accuracy  of  +  IS.  The  oxldlaer  (HjOj)  for  the  Adver  ted 
Propellant  Scagad-Combuatlon  System  la  decomposed  In  the  primary  combust''  end 
tharefora  its  resultant  energy  releaee  loss  In  the  secondary  combustor  duo  to 
unvaporlxed  oxldlaer  la  nil.  On  the  other  hand,  the  transport  properties 
(surface  tension,  viscosity,  and  heat  of  vaporisation)  of  Alumlrlnn  are  not 
known  with  sufficient  accuracy  nor  ara  the  characteristics  of  aen~Na*ftonian 
propellant  atomisation  adequately  known  to  permit  calculation  of  Alumlxlne 
atomization  and  vaporization  rates.  Therefore,  the  energy  release  efficiency 
of  the  Advanced  Propellant  Staged-Combustlon  Engine  cannot  ba  analytically 
calculated  and  wa*  determined  as  the  difference  between  the  theoretical  and 
experimentally  measured  specific  impulse  less  all  other  •"a?  culeble  performance 
los-.es. 
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(U!  The  energy  release  lose  determined  by  difference 

in  this  manner  Is  listed  in  Table  VII  and  plotted  versus  mixture  ratio  In 
Figure  99.  Although  the  precise  magnitude  of  the  vaporisation  rates  cannct  be 
analytically  calculated,  the  vaporisation  modal  can,  nevertheless,  be  used  to 
explain  the  observed  experimental  trends  of  engine  efficiency  as  parameters 
are  varied. 

(U)  For  example,  the  energy  release  efficiency 

(ERE)  can  be  defined  by: 

[(XOxtd.  Vsp. )  «i  Mi  Fuel  Van.)  x  W  J  x  I  (jh 

x  ere  -  1 - 8 - ‘ - 

[(100*  X  Wo>  ♦  <100X  x  Wf)]  «  I<y  0/T 

Where:  0/T  “  Engine  Mixture  Ratio,  Wfl/Wj 

And:  &/?  -  Effective  Vaporised  Mixture  Ratio,  [g  rliei'vsp^)^  * 

However,  because  the  Is  completely  vaporised  wlthlu  the  primary  combustor 
the  energy  release  loss  can  be  attributed  solely  to  the  unvaporlsad  fuel.  The 
energy  release  efficiencies  for  various  engine  mixture  ratios  are  shown  as  s 
function  of  fuel  vaporised  In  Figure  100.  The  resultant  fuel  vaporisation 
rates  which  ware  inferred  from  the  measured  energy  release  losses  were  then 
plotted  versus  mixture  redo  In  Figure  101.  The  only  significant  Influences 
observed  to  effect  fuel  vaporisation  races  were  Injector  design  (which 
Influences  atomisation)  and  chamber  length  (which  determines  propellant  stay 
time). 

(0)  The  original  (Mod  I)  296-tube  secondary  injector 

consisted  of  about  1-in. -long  tubes  which  were  bei.c  to  achieve  a  uniform  fuel 
distribution  between  the  vanes  as  well  sa  downstream  of  tjch  vane. 
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However,  bacauca  of  an  excessive  hydraulic  praaaura  drop  through  tha  secondary 
Injector  vanes  and  tubaa,  tha  lnjacdon  tubaa  had  to  ba  reduced  In  length  to 
0.65  in,  to  attain  tha  required  fuel  flow  rata  with  tha  available  system 
pressure  drop.  However,  whan  tha  tubaa  ware  ahortenad,  tha  bant  portions  of 
the  tubas  vara  cue  off:  this  praducad  a  configuration  resembling  that  of  a 
ahowarhaad,  with  fuel  concentration  directly  downstream  of  each  vena  and 
oxidizer  concentration  between  each  vena  and  at  tha  Injector  axle.  Thuu,  tha 
nonuni  fora  Injection  distribution  of  oxldlsar  and  fuel  resultad  In  a  fuel 
vaporisation  rata  of  90.2  +  0.2Z  and  a  corresponding  6.132  energy  release  loas 
for  the  70'ln.  L*  chamber.  To  decreeee  the  energy  release  lose,  the  fuel 
Injection  cubes  of  tha  Hod  ZZ  and  Hod  ZZZ  variation#  of  the  394-tube  Injecto.- 
were  replaced  by  tube#  of  larger  diameter.  The  larger  tubes  raducad  Injector 
pressure  drop  permitting  longer  tubaa  which  could  than  be  bant  to  retain  tha 
uniform  fuel  distribution.  Furthermore,  the  larger  tubes  reduced  the  fuel 
lnjacdon  velocity  and  thus  the  fuel  residence  time  within  tha  ehaafeer  was 
Increased.  Tha  above  modification  Increased  fuel  vaporisation  rata  by 
approximately  32,  which  Improves  tha  energy  ralaaaa  efficiency  22. 

(C)  Whan  tha  Mod  ZZ  and  Mod  ZZZ  Injectors  wars 

tasted  with  tha  40-ln.  L*  chamber  Instead  of  tha  70-in.  L*  chamber,  two  taata 
Indicated  a  2.32  decrease  In  energy  ralaaaa  efficiency  in  igraement  with  the 
greater  loas  which  would  be  predicted  by  tha  propellant  vaporisation  model  If 
atomization  la  assumed  constant.  However,  Teat  Number  1.2-03-AAC-002  with 
the  Mod  III  Injector  also  at  40-ln.  L*  Indicated  approximately  1.32  performance 
improvement  which,  if  real,  la  contrary  to  what  would  logically  be  expected. 

It  is  possible  that  there  are  factors  other  than  thoaa  considered  In  tha 
vaporisation  modal  that  Influence  this  performance. 

(6')  In  addition  to  tha  affect  of  chamber  length 

(or  L*)  upon  energy  release  lose,  tha  vaporisation  modal  also  predicts  that 
contraction  ratio  has  an  offact.  For  exaag)la,  tha  Advanced  Propellant 
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Staged -Combust ton  chamber  ha*  a  5:1  contraction  ratio.  If  chamber  characteristic 
length  were  maintained  constant  and  the  contraction  ratio  ware  reduced  to 
approximately  2.0,  the  vaporisation  model  would  predict  approximately  1.6X 
Increase  in  energy  release  efficiency  for  the  Siam  Injector  atomisation 
characteristic!.  This  performance  Improvement  la  predicted  because  as  con¬ 
traction  ratio  decreases,  combustion  gee  velocities  ee  every  comparable  point 
within  the  chamber  will  be  higher  and  taalfora,  thus  resulting  In  increased 
heat  transfer  and  mess  transfer  (vaporisation)  rates  for  the  propellent  within 
e  given  axial  chamber  length.  However,  other  considerations  besides  performance 
may  determine  selection  of  design  contraction  ratio.  For  enable,  contraction 
ratios  of  four  to  five  are  normal  for  a  high-pressure  combustion  chamber  because 
of  other  considerations,  such  as  Injector  geometry,  pressure  drop,  end 
packaging. 

(C)  Overall  engine  efficiency  for  the  original  44- 

cube  secondary  injector  on  Teat  1. 2-002 -AAC-904  wee  83. 9X.  This  low  englno 
efficiency  resulted  from  11. IX  energy  release  loss  and  83X  fuel  vaporization 
rata.  The  high  energy  release  loss  (In  a  70-tn.  I*  chamber)  wee  due  to  the 
poor  atomisation  characteristics  of  the  reduced  number  of  Injection  elements. 
However,  by  modifying  the  element  tips  with  weld  beads  the  atomisation 
characteristics  were  substantially  Improved.  The  modification  resulted  In 
noncircular  orifice  exits,  which  Improved  atomisation  by  the  following  mech¬ 
anisms  : 


(1)  Decreased  orifice  sroa  which  increased 
injection  velocity.  (This  assumes  that  the  performance  gain  through  Increased 
atomization  outweighs  the  loss  resulting  from  reduced  stay' time.) 

(2)  Increased  dispersion  through  nonuni  form 
f.Mt  velocity  profile  across  orifice. 
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per  unit  flow  area. 


(3)  Increased  effective  orifice  surface  area 


By  thua  Improving  the  atomisation  efficiency,  90. 2X  engine  efficiency  waa 
obtained  with  the  modified  id  tubular  injector.  It  ehould  be  noted  that  the 
latter  teat  waa  conducted  with  90 X  HjOj  instead  of  98Z  H^O^;  however,  the  per¬ 
formance  Improvement  cannot  be  attributed  to  the  H^Oj  concentration  because  there 
was  no  perceptible  change  in  efficiency  between  Teats  1.2-0  3-MC-003  and  -008, 
which  were  basically  similar  except  for  H^Oj  concentration.  Furthermore,  the 
HjOj  is  decomposed  in  the  primary  combustor  and  cannot  influence  energy  release 
efficiency. 

(U)  d.  Experimental  Observations 


There  were  three  teste  conducted  with  40 -In,  L*  combustion 
chambers  the*  produced  data.  Two  of  these  teste  were  made  using  98X  while 
one  waa  conducted  with  90S  H^Oj.  Two  teste  produced  performance  below  that  anti¬ 
cipated  for  the  mixture-ratio  condition,  while  one  teat  produced  the  highest 
performance  achieved  in  the  program. 


(U)  The  ablative  liners  used  In  the  high-performance  40-ln.L* 

test  and  a  corresponding  70»ln.  L*  test  were  compered  In  an  attempt  to  deter¬ 
mine  the  distance  from  the  injector  face  at  which  complete  combustion  occurred. 
It. was  evident  that  the  maximum  material  loae  was  at  a  station  approximately 
4  In.  from  the  Injector  face  for  both  L*'a.  The  chamber  wall  was  smooth  from 
this  station  to  tha  throat,  thua  Indicating  that  tha  combustion  gas  waa  homoge¬ 
neous.  It  la  hypothesised  from  tha  ablation  experienced  and  high  performance 
that  the  40-ln.  L*  chamber  had  sufficient  volume  to  permit  complete  combustion 
when  tented  with  a  high  quality  Injector.  The  low  performance  touts  with  the 
40-ln.  I.*  'limbers,  however.  Indicated  uneymmetrlcal  ablation  and  erosion  of  tin' 
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liners  down  to  and  through  the  throat.  This  pattern  seems  to  correlate  to  the 
measured  low  performance  and  may  have  bean  cauaed  by  injector  deficiency.  On 
one  of  these  tests,  two  vanes  were  severely  damaged,  and  on.  the  other,  Che 
majority  of  che  injector  face  tubes  in  the  canter  were  not  used. 

(U)  From  these  observations,  it  is  concluded  that  40-in.  L* 

is  sufficient  chamber  volume  to  obtain  high  c  oath  us  cion  performance  if  a  high 
quality  injector  ie  used. 

e  Correlation  with  Other  Metallised  Systems 

(U)  Ths  combustion  of  hetsrogeneous  end  metal  baarlng  fuels 

diffsrs  from  thst  of  "naec"  propellants,  and  significant  dlffarmncas  have  been 
noted  between  the  predicted  end  actual  performance.  A  comparison  was  mado 
between  the  date  obtained  in  the  program  and  combustion  data  of  other  metallized 
fuels.  The  performance  of  the  2 OK  lbf  thrust  chamber  warn  predicted  by  correlat¬ 
ing  test  data  from  e  number  of  metallised  propellants.  The  correlation  param¬ 
eter  was  the  equivalence  ratio  (ratio  of  the  stoichiometric  mixture  redo  to 
the  mixture  redo  under  consideration).  This  paraaacar  allows  Che  comparison 
of  sll  propall «nt  combinations  in  relation  to  the  oxldlser  balance.  For 
example:  (1)  an  equivalence  ratio  (ER)  of  1.0  refers  to  couplets  oxidation  of 
all  available  fuel  Al-Al^O^,  etc)  assuming  no  dissociation  of  ths 

products;  (2)  an  ER  gvaacar  than  1.0  indicates  a  fuel-rich  combustion;  and 
(3)  an  ER  less  than  1.0  Indicates  an  excess  of  oxidizer  in  the  combustion 
products . 

(I'l  A  correlation  of  the  combustion  afflclancy  of  several 

representative  metallized  propellent  combinations  (982  H,0,/Alumi*lne-20 ,  N,0,/ 

*  *  A  <• 

Alur.lzlne-43  emulsion,  and  elr/propylpentaborane)  with  ER  is  shown  in  Figure  103. 
il  e.jn  be  seen  that  high  combustion  efficiencies  are  attained  In  a  slightly 
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•  Laboratory  Coabuatlon 
90S  H^Oj/Aiuataina-kO 

AF  04(611) -8 529 
MX  (Stolcb)  -  2.12 

A  NjO^/Alunialna-O  Enulalon 

RPL:  MacGregor,  Hobba ,  Randolph 
Bull.  7th  Liq.  Prop.  Syapoalun 
MX  (Stolch)  -  1.37 


®  Air/ (CjH.)*  A1 
O  Alr/CjHj  BjHg 

fesrquardt  Corporation 
fast  27*6 

•  MX  (Stolch)  -  12.66 
O  MR  (Stolch)  *  13.8 


viS 


Equivalent  s  Ratio,  MR  (Stolch)/HR 


ft 


ft 


ft  « 


ft 


lOP.  Ksit.imuted  und  Experimental  Combust  ton  Et'i’l-’ien  -y  (11) 
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fuel-rich  condition,  cni responding  to  an  ER  of  from  1.0  to  2.0.  Combustion 
efficiency  begins  to  decline  at  an  ER  greater  than  2.0. 

(0)  The  band  shown  In  Figure  102  represent*  the  estimate  of 

combustion  efficiency  for  the  9RX  HjOj/Alumitine-O  propellant  combination. 

The  band  was  drawn  above  the  majority  of  experimental  data  at  the  hlghar  ER's 
because  combustion  efficiency  is  strongly  dependent  upon  injector  configuration 
and  L*,  and  therefore,  might  be  raised  by  applying  unique  design  techniques. 

(U)  The  specific  Impulse  efficiency  of  the  uncooled  thrust 

chamber  was  sstlmated  by  Incorporating  empirical,  two-phase  flow  lose**  Into 
the  combustion  efficiency  correlation.  The  reeult  of  the  correlation,  shewn 
In  Figurs  103  as  the  cross-hatched  band,  can  thus  be  represented  byt 
°Is  "  n  (combustion)  x  n( two -phase  flow). 

Measured  performance  data  for  NjO^/Alumielne-O  (gel  and  emulsion)  are  plotted 
for  comparison  in  Figure  103.  Lowering  of  the  band  (dashed  line  band)  by  2X  to 
account  for  nossle  geometry  losses  provides  sn  excellent  agreement  with  the 
majority  of  the  experimental  data.  Note  that  the  specific  Impulse  efficiency 
shows  a  gradual  rise  as  the  mixture  ratio  approaches  stoichiometric  (F.R  from 
3.3  to  1.1).  This  rise  corresponds  to  the  rise  In  combustion  efficiency  shown 
In  Figure  102  and  might  Indicate  a  higher  delivered  specific  Impulse  at  higher 
than  theoretically  optimum  mixture  ratios  for  9fiX  HjOj/AJumixins  snglnes . 

(U)  To  examine  the  possibility  chat  the  un'.ooled  thrust  cham¬ 

ber  might  deliver  higher  performance  at  a  higher  mixture  ratio  than  the  theo¬ 
retical  optimum,  a  plot  of  normalized  specific  Impulse  was  mads.  The  specific 
Impulse  efficiency  of  Figure  103  was  multiplied  by  the  ratio 

theoretical  I  <3  mixture  ratio 
_ ^ _  s 

then et leal  I  <J  MR  0.5  »  331.2  sec 
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O  Uncoolod  Chaabor  (13K) 
N,0./Alualslao-0 
Report  212/SA  9  -  Flail 
HI  (Stoleh)  -  1.37 


A  N204/Alualilni-*3  Oaulalon  (5K) 
RFLi  MacCrsfor,  Hobbs,  Randolph 
Bull.  ?th  Llq .  Prop.  Sywposlua 


Equivalence  Ratio,  MB  (Scotch) /MB 
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figure  I03.  Estimated  and  Experimental  Specific  Impulse  Efficiency  (u) 
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to  obtain  the  normalised  efficiency  shown  by  the  crosa-hatched  band  In  Pleura 
104.  Tha  benefit  of  correlating  the  apaclfls  Impulse  efficiency  In  Chi  nor¬ 
malised  font  la  that  the  maxima  In  the  curve  represents  the  maximum  delivered 
specific  Impulse. 

(U)  The  performance  data  obtained  In  the  present  program  are 

also  ahown  In  Figure  104.  Note  the  excellent  repreeentatlon  of  the  data  If  tha 
croaa-hatched  bend  la  lowered  by  21  to  account  for  noaalo  geometry  losses.  Alto 
note  that  there  appear*  to  be  no  difference  within  experimental  accuracy  in  per¬ 
formance  between  the  40 -to.  L*  and  70«in.  L*  chambera. 

(U)  Tha  conclualon  to  be  reached  from  both  tha  analytical  and 

experimental  studies  Is  that  tha  delivered  I(  la  practically  constant  from  a 
mixture  ratio  from  0.5  to  1.0  (wi'.h  the  possibility  of  being  highest  around 
MR-1.0  and  not  et  tha  theoretically  highest  MReO.5).  Thla  unique  cheracterlatlc 
provides  wide  flexibility  in  engine  design  and  also  permits  variations  In  mix¬ 
ture  ratio  (beesuaa  of  propellant  loading,  propellant  density  variation)  without 
a  resultant  change  In  angina  performance. 

f.  hxtrapolatad  Performance  of  100,000  lbf  Thrust  Engine 

(U)  Based  upon  tha  demonstrated  performance  of  tha  20K 

(20, COO  lbf  thrust)  Advanced  Propellant  Stagsd-Combustlon  Engine,  the  performance 
was  extrapolated  for  a  100K  (100,000  lbf  thruat)  altitude  angina.  By  separately 
calculating  tha  Individual  performance  losses  and  by  using  the  Interaction 
Theory  model,  to  extrapolate  to  altitude  conditions,  performance  can  be  extrap¬ 
olated  to  any  other  thrust  level  within  +  IX  accuracy.  The  study  has  shown  that 
the  1Q0K  uncooled  engine  can  achieve  93.8  to  95. 21  of  theoretical  vacuum  specific 
Impulse. 
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Contract  AF  04(611) -10715 
Uacooled  Hardware 
(Numbers  Indicate  L*> 
HjOj/Alunlalne-AJ 


O  962  HjOj  HE  (Stolch)  *2.06 
*  902  HjOj  Kit  (Stolch)  -  2.25 


0.7  0.6  0.9  1.0 

9«X  BjOj/Al-43  -  (Ml) 


1.5  2.0 


i  • 


Equivalence  Ratio,  ME  (Stolch) /Ml 


Figure  1<jU.  Kstlratcd  end  Experlirental  Sreeli'ic  Impulse  Normalized 

Efflelori'-y  (u) 
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(V) 


The  assumed  engine  operating  condition*  are  aa  follow*: 


Propellant* 

Cheater  Pressure 
Mixture  Ratio 
Thrust 

Mottle  Exit  Area  Ratio 
Cheater  Length 


REX  HjOj/Al-43 
3000  pala 
0.6  through  1.0 
100,000  lbf  (100K) 
23tl 


IE  in.  (e«f«nklt  to  20K, 
70.1a.  L*,  toot) 

Furthermore,  a cal log  che  39fr- fuel-tuba  Injector  at  20K  would  Indicate  a  mini 
of  2000  equivalent  fuel  Injection  tubaa  are  needed  on  the  100*  injector  to 
obtain  comparable  energy  releaae  efficiency.  A  decreaaed  chanber  contraction 
ratio  between  2  and  3  any  further  improve  Aluuialne  coabuotlon  character la tic*. 


(U)  Aa  a^laiead  for  the  2 OK  engine,  the  nesale  heat  loea, 

kinetic  loea,  and  performance  loea  due  to  meat  dlatrlbutloa  of  facta  were  again 
neglected  for  che  100K  engine  analyela.  The  remaining  applicable  performance 
loaaea  are  euemarlted  In  Table  VIII  at  engine  mixture  ration  of  0.6,  0.8,  and 

1.0. 


(C)  A  noxsle  contour  having  an  exit  area  ratio  of 

23:1  waa  deelgned  ualng  Coaputer  Program  Job  AAT  for  the  100K  engine  applica¬ 
tion.  Nozde  friction  loan  for  thla  dealgn  waa  evaluated  ualng  Aerojet  Comput¬ 
ing  Program  48099.  Noaale  performance  loaeea  due  to  frictional  and  geometry 
•(feet*  amounted  to  approximately  1.3  and  0.1X,  respectively,  am  ahown  in 
Table  VIII. 

(C)  Chamber  friction  and  heat  loae  were  evaluated  by  the 

methods  described  in  Appandlxea  III  and  iv  for  both  ablative  end  regeneratlvely 
1 'i-ili’d  combustion  chamber*.  Bccausa  of  the  low  ratio  of  chanbar  aurfacc  arts 
r  unit  weight  flow  rate  of  high-thrust  engines,  chanber  performance  lo*».»* 


Page  . . 


CONFIDENTIAL 


KftriCEiaiAl 


Report  10785-F,  Phaaa  II 


PREDICTED  100K  ENGINE  PE1PO  DUNCE 
ADVANCED  PROPELLANT  STAGED  COMBUSTION  PROGRAM  (U) 


Pc.  P«i* 

3000 

3000 

3000 

MB 

0.60 

0.90 

1.00 

r.  lbf 

100* 

100* 

100K 

vs 

23 

23 

23 

Chaabar  laogth,  la. 

16 

It 

16 

Iby*  ebao*  Mc 

330.7 

346.6 

346.4 

HI  ,  ebaabat  frlctloa  ♦  boat 
*Ioaa,  aac 

0.3  (0.2) 

0.3  (0.2) 

0.3  (0.2) 

Al,.  MU),  aac 

0 

0 

0 

dl#,  ooaala  frlctloa.  aac 

4.6 

4.6 

4.6 

AIS.  ootala  (toaatrjf,  aac 

0.4 

0.3 

0.3 

AI,.  2  phaao,  aac 

1.9(e) 

1.7(a) 

1.6(a) 

Ala,  ERL.  ooc 

14.4(b) 

11.9(b) 

9.9(b) 

prod.,  ooc 

329.1 

329.9 

329.7 

XI,.  »« 

93.14 

94.61 

93.11 

Z  ERL 

4.1 

3.4 

2.93 

X  Puol  vaporlaatloa 

93.7 

94.2 

94.7 

(  )  Ragaoaratlvaly  cooled  ch—hir  1am. 

(»)  Aaauaad  2-alcroa  particle  alio. 

(b)  Detaralnad  fro*  Htrifolittl  20E  mrIm  data. 
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:  -r  the  10CK  engine  will  be  email.  Chamber  friction  loee  wee  calculated  to  be 
0.2  sec  of  vacuum  specific  Impulse  for  both  ablative  and  regen*  rati  vely  cooled 
chambers  and  haac  loss  was  found  to  be  0.1  sec  for  the  ablative  chaabar  only, 
ho  performance  loss  occurs  with  tha  regeneratlvely  cooled  chamber  because  the 
heat  from  tha  combustion  gaaaa  is  only  transferred  to  the  regenerative  coolant 
resulting  In  a  higher  propellant  injection  coloratura,  and  thus  no  decrease 
results  In  overall  chamber  enthalpy  from  the  engine  system.  Co^lned  chamber 
friction  and  hast  losses  result  in  laaa  than  0.1X  performance  loaa. 

(C)  Two-phase  flow  (gaa-partiele)  performance  losaas  will  be 

smaller  for  tha  proposed  100K  engine  having  a  23:1  salt  area  ratio  nos* la  than 
for  tha  previously  tasted  10:1  area  ratio  20X  HjOj/Alumielna  angina.  Thla 
occurs  because,  tha  two-phase  flow  loaa  la  almost  at  a  maximum  near  tha  noaala 
throat  and  decreases  with  increasing  exit  area  ratio  as  shown  in  Figure  10$. 
Effects  of  mixture  ratio  and  particle  alto  on  the  tvo-phaae  flow  pnrfoneanca 
loss  Is  shown  in  Figure  104.  Performance  loss,  duo  to  tha  pertlclea.  Increases 
for  larger  particle  sixes  because  of  the  greater  heat  re  t*ntlon(  thermal  leg) 
end  dreg (velocity  leg)  effecta.  Two-phase  flow  loss  also  increased  with  decreas¬ 
ing  mixture  ratio  becauaa  of  the  higher  mees  fraction  of  particle  flow  rate. 

Thu  losses  war*  calculated  from  Aarojot  Coeluting  Service*  Division  Program 
4806 7 .  At  tha  2 OK  anglua  thrust  level,  analysis  of  the  particle  samples  Indi¬ 
cated  a  2.59-micron  (u)  mass  madlsn  particle  diameter  for  tha  44-tubs  injector 
and  a  1.83u  dlamatar  for  tha  394-tub*  injector.  Thla  indicates  smaller  par¬ 
ticles  era  produced  with  a  finer  fuel  Injection  distribution.  A  survey  of  ths 
. urrent  literature  also  euggeete  that  slightly  larger  particles  have  been 
obseived  for  either  Increased  engine  thrust  or  larger  throat  diameters.  Sines 
"1'iant  1 1  at  1  ve  conclusions  could  be  derived  from  the  literature;  a  2u  mess 
.rtUlf  diameter  wee  assumed  for  this  prediction.  The  performance  loss  due  to 
‘  is.unsfd  particle  else  la  approximately  0.52  but  may  ultimately  prove  Co  be 
.  .  -  i  Uv  j-i  much  as  IX . 
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Figure  10'j.  Effort  of  Nozzle  Ponltlor  on  Two-Fftaue  Flov  Pcrfon:.an.:e  Lois 
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(U)  It  has  boon  assumed  that  tha  secondary  fuel  Injector  for 

a  100K  Ibf  engine  would  be  designed  to  provide  a  uniform  fual  injactlon  distri¬ 
bution  across  tha  injector  faca.  This  pracautlon  would  eliminate  performance 
looses  due  to  mixture  ratio  distribution  affects. 


(U)  Tha  energy  release  loaa  la  tha  greatest  potential  per¬ 

formance  loos  of  the  100K  Advanced  Propellant  Staged-Combustlon  Engine.  It  la 
aaauaed  that  the  100K  injector  will  be  designed  to  aaulate  the  energy  release 
efficiency  of  the  Mod  ZI  and  Mod  XXX  39d«tube  injector.  It  will  be  necessary 
to  provide  an  injection  technique  equivalent  to  2000  fuel  injection  tubes  to 
achieve  this  performance.  This  energy  release  loss  has  been  derived  froai 
figures  99  and  100. 
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3.  Heat-Flux  -Andlveli 

a.  Introduction 

(U)  Tbarmochemical  calculations  have  Indicated  that  tha  haat 

capacity  of  98X  HjOj/Alumieine  combustion  system  is  slgnif leant.  Little  or  no 
data  exist  for  this  propellant  combination  for  which  a  reasonable  heat-transfer 
coefficient  can  be  derived.  It  was  the  latent  of  thla  program  to  obtain  heat- 
flux  data  In  the  combustion  chamber  and  throat  of  the  20,000-lbf-thrust  3000- 
pa  i  combustion  chamber. 

(U)  Heat-flux  transducers  ware  designed  and  fabricated  from 

silver-infiltrated  tungsten  rings  In  which  thermocouples  had  been  burled  to 
measure  the  material  temperature  at  various  distances  from  cha  gaa-alde  (inside 
diameter)  surface  of  tha  transducer.  Tha  design  of  those  transducers  can  be 
seen  in  Figure  14,  and  a  detailed  discussion  of  their  design  can  be  found  in 
Section  IV,B,1. 

(U)  Temperature  histories  were  obtained  from  these  trans¬ 

ducers  during  four  «taged-combustion  tests,  and  th-j  data  were  correlated  with 
existing  thermal  erndela  for  determination  of  tha  heet-tranafer  coefficient. 

The  location  of  the  thermocouples  for  the  two  different  heat-flux  transducers 
can  be  seen  In  Tables  IX  and  X.  Tha  transducers  were  installed  in  the  combus¬ 
tion  chamber  and  throat  as  can  be  seen  in  Figures  44  and  48.  Combustion 
chamber  heat-flux  data  were  obtained  la  Teats  1 .2-02-AAC-004  and  1.2-03-AAC- 
001,  003,  and  007.  The  data  obtained  in  Test  004  vara  previously  analysed  by 
a  technique  which  attempted  to  match  the  entire  operation  of  the  combustion 
chamber,  i.a.,  start,  steady  stats,  and  shutdown.  It  became  apparent  that  the 
variations  existing  In  mixture  ratio,  pressure,  and  combustion  efficiency  dur¬ 
ing  the  start  transient  mads  computer  simulation  of  this  transient  very  dif¬ 
ficult.  Also ,  Tost  004  resulted  in  very  low  performance  efficiency,  because 
oi  t'.rnsn  fuel  injection,  as  previously  discussed. 
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POSITION  or  THERMOCOUPLE  TIPS  FOR  HEAT  FLUE  TRANSDUCERS 
TESTS  I . 2-03-AAC-001 ,  003,  AND  007 


A raa 

Tharaocoupla 

Depth  Froa 

St*tlo& 

s ala. 

Identification 

IBj. 

Throat 

1.0 

4 

0.101 

3 

0.231 

2 

0.501 

1 

0.731 

Chaabar 

3.0 

4 

0.092 

3 

0.242 

2 

0.A92 

1 

0.742 

TAILS  X 

POSITION  OF  THERMOCOUPLE  TIPS  FOR  HEAT  FLUX  TRANSDUCER  (CHAMBER) 

TEST  1.2-02-AAC-004 

A  raa 

Tharaocoupla 

Dapth  froa 

Station 

Ratio 

Idantlflcatlon 

Surfaca.  In, 

Chanbar 

3.0 

TVSCC3 

0.086 

TUSCC3A 

0.210 

TWSCC1 

0.219 

TWSCC2 

0.468 

TVS  CCA 

0.763 
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(U)  The  data  obtained  during  Tears  001  and  003  showed  excel¬ 

lent  correlation,  and  both  testa  achieved  high  combustion  efficiency.  Data 
iron  Test  007  have  been  included  in  the  report  but  were  not  subjected  to 
further  analysis,  alnce  the  date  from  Tests  001  end  003  wars  considered  to  be 
characteristic  of  the  propellant  system. 

(U)  Table  XI  shp«a  the  observed  end  calculated  parameters 

representative  of  the  steady-state  conditions  that  existed  during  Tests  001 
and  003.  These  parameters  included  combustion  chamber  presaurs,  oxidirer  and 
fuel  flow  rates,  and  tsmpsraturs  of  the  oxidlssr  stream.  Only  the  steady- 
state  portion  of  the  thrust  chamber  operation  wee  used  to  correlate  the  test 
data. 


(U)  The  thermodynamic  properties  of  silver-infiltrated  tung¬ 

sten  ere  ehovn  in  Figure  107  end  were  used  as  the  basis  for  determining  the 
heat  input  corresponding  to  the  temperature  history  obtained  during  the  casts. 
The  temperature  histories  obtained  during  ell  teate  ere  shown  in  Figures  108, 
109,  110,  ill,  and  112. 

b.  Method  of  Analysis  end  Assumptions 

(U)  In  the  thermal  analysis,  particular  emphasis  was  placed 

upon  correlating  the  date  obtained  at  the  chamber  end  throat  sections  of  Teats 
1.2-03-AAC-00I  end  003,  sines  this  date  wee  representative  of  the  system.  The 
temperature  transients  of  the  three  operative  thermocouples  (taken  at  the 
throat  section)  of  Tests  001  end  003  ere  plotted  together  In  Figure  113. 

‘lines  the  f .  ring  sequences  of  the  two  tests  were  identical,  ths  raepectlve 
trst  temperature  transients  can  be  plotted  together,  by  adjusting  the  time  to 
lire  Switch  2  (FS-2)  so  that  both  tests  start  their  steady-state  rise  together. 
: tr.in.Jent  temperature  data,  as  indicated  by  the  thermocouoles,  are  in 
'  '1  1  >  n t  u k r i' i-mi'n t  for  the  two  tests.  In  addition,  the  t« -.iperature  results 
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TABLE  XI 

ENGINE  OPERATION  PARAMETERS 
(STEADY-STATE  VALUES)  (U) 


TEST  1.2- 

sSfcML- 

SSL 

CoabuatlOB  tawparstura,  ®R 

6000 

3900 

Molacular  Might,  lb/aola 

11.7 

14.0 

Prandtl  auabar 

0.4 

a 

0.41 

Viacoalty,  lb/ft/aac 

s.a  «  io“a 

6.1  x  10' 

Specific  but,  #t«/ib-*F 

0.14 

0.773 

Chaatbar  praasurs,  pale 

3000 

3000 

Oxidlaar  flow  rata,  lb/aae 

29 

30.5 

Fual  flow  rata,  lb/aac 

41 

37.3 

Mlxtura  ratio. 

0.71 

0.82 
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Histories,  TV  at  1.2-03-AAC-001  (u) 


111.  Throat  Heat-Flux  Transducer  Temperature  Histories 
Test  1.2-03-AAC-003  (u) 
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from  Test  007  (Figure  112)  ere  la  fair  agreement  with  001  and  003.  Therefore, 
the  analyst*  applying  to  Testa  001  and  003  would  apply  to  Test  007. 

(U)  During  correlation  of  the  date  from  the  above  testa,  it 

becaae  apparent  that  considerable  tailoring  of  tba  theoretical  conditions  for 
the  start  and  shutdown  tr ana lent a  would  be  nacaaaary  la  order  to  natch  the 
exparlnental  results.  The  correlation  of  theoretical  conditions  to  actual 
conditions  conducted  during  the  start  and  shutdown  period  for  Teat  1 ,2-02-AAC- 
004  wee  inadequate  and  not  sufficiently  accurate  to  detereine  the  heat-tranafer 
coefficient.  Therefore,  the  analysis  for  Teate  001  and  003  wee  based  on  the 
establlehuent  of  steady-state  heat-tranafer  coafflclauts  and  fluxas  and  did 
not  coneidar  tha  atart  and  shutdown  portions  of  tha  data. 

((7)  Tha  experlaiatal  raeulta  of  Testa  1.2-03-AAC-001  and  003 

wars  quite  reproducible  (throat  section}  sea  Figure  113).  The  date  fron 
Teat  001  were  analysed  for  the  throat  end  chanbar  sec doe  during  the  tine 
period  corresponding  to  Che  etaady-etata  portion  of  the  teat  run.  The  tech¬ 
nique  eatployed  was  to  accept  tha  tanparature  distribution  that  axlsted  within 
tha  ’ harnocouple  ring  at  the  start  of  the  eteady-etato  portion  of  the  firing. 
Haat-transfer  calculations  were  than  node  using  various  heat-tranafer  coef¬ 
ficient*,  end  calculated  actual  eoabustlon  temperature*  In  an  effort  to  autch 
the  transient  portion  of  the  tonpereturo  curve#  corresponding  to  the  steady- 
state  ties  period. 

(U)  Tonpereturo  profiles  were  predicted  within  tha  thermo¬ 

couple  ring  by  using  evicting  computer  prograae  which  ere  based  on  a  finite- 
difference  eolutlon  of  the  heat-conduct  Ion  equation.  The  variation  of  thermal 
conductivity  and  heat  capacity  with  tanparatura  wae  Included  in  the  analyst*. 
Heat  of  tuelon  of  the  silver  conponent  In  the  thermocouple  ring  was  also 
auNumed  to  influence  the  temperature  gradient;  however,  the  effect  of  vaporl- 
it  ii.n  of  bllvcr  was  neglected.  The  validity  of  the  letter  assumption  to 
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justified  since  the  ring  surface  temperature  ia  well  below  the  saturation 
temperature  of  silver  at  the  operating  pressure  for  the  entire  firing  duration. 

(U)  Figures  114  and  115  Indicate  the  degree  of  correlation 

obtained  over  the  steady-state  portion  of  the  test  runs  for  the  chamber  and 
throat  aactiuna,  respectively.  For  example,  steedy«etete  conditions  for 
Test  1.2-03-AAC-001  cofsnce  at  a  time  of  about  8.3  sec.  The  theoretical 
flans  temperature  during  stable  operation  was  calculated  to  be  about  6000*R. 

(U)  The  ateadyatata  gee  teaperature  end  heat-transfer- 

coefflclsnt  prediction!  are  beeed  on  the  aixtura  ratio,  total  flow  rate,  end 
traneport  properties  ss  shown  In  Tsbla  XX.  The  transport  properties  of  tho 
chamber  gases  are  based  on  the  Eukeo  correction  nathod  as  pradlctad  by  tha 
Aarojat  2870  Computer  Program.  These  values  were  then  uaed  to  determine  the 
heet-tranarer  coefficients  baaed  upon  tha  Colburn  ralatlonshipi 


where: 

D 
h 
k’ 

Pr 

Re 

*T 

U 

*  In?  temperature  vss  eve lusted  «t  e  percentage  of  the  theoretical  ve iuef 
conslstf^t  with  the  *•*  etflclency  obtained  In  the  tests  during  steady-state 

;  ■  r  .*  i  un. 


k  -  a-sat  u'* 


ajsm  ft  0,8  Pt1/3 

ni.a  u  rr 


(Kq  7) 


diameter  of  chamber  bora,  ft 

2 

heat-transfsr  coefficient  et  chamber  well,  Btu/hr-ft  -*F 
thermal  conductivity  of  gas,  *tu/hr-ft-*F 
Prendtl  number  of  geo 
Reynolds  number 

ease  flow  rate  of  propellent,  Ib/aec 
viscosity  of  chamber,  gas,  lb/fc-sec 
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c.  Interpretation  of  Rssuits 

(U)  In  ths  ssrly  portions  of  this  program,  results  from  rht 

first  test,  12.-02-AAC-004,  indicated  s  poor  correlation  between  experimental 
and  analytical  hsat-triuufsr  coefficients.  From  this  work.  It  was  later 
determined  that  there  was  lack  of  sufficient  data  (e.g.,  flow  characteristics) 
to  correlate  the  start  and  shutdown  transients  to  a  meaningful  heat-transfer 
coefficient.  Id  addition  to  the  method  of  correlation,  the  low  performance 
and  off-design  operation  of  the  thrust  chaster  during  the  test  firing  con¬ 
tributed  to  the  poor  correlation  obtained.  Therefore,  tba  present  anal/sls 
places  nsjor  emphasis  on  obtaining  only  the  steady-stats  heat-transfer  coef¬ 
ficient  and  does  so  by  lgoorlng  the  start  and  ahutdown  transients.  The  heat- 
transfer  coefficient  existing  during  steady  state  is  the  most  meaningful,  froa 
the  standpoint  of  future  thrust  chamber  design. 

(U)  The  experimental  thermocouple  date  for  the  steady-state 

portions  of  the  tests  (1.2-03-AAC-001  and  003)  are  shown  la  Figures  114  and 
MS.  Superimposed  on  thalr  respective  graphs  are  the  values  of  calculated 
thermocouple  tanperatura  which  were  determined  by  making  conduction-program 
coaputar  runs  using  various  values  of  thermal  resistance  at  the  gae-vall 
interface  end  eelactlng  the  run  whose  calculated  thermocouple  temperature  bast 
matched  the  measured  thermocouple  temperature.  The  thermal  realstanca  at  ths 
wall,  Rw  -  l/hob<A  (where  A  is  ths  hast- transfer  eras),  determines  the  heat- 
transfer  cost flc lent ,  hcb>,  which  was  assumed  to  bo  of  tho  Colburn  form  except 
that  s  "prefix"  coefficient  is  applied  so  shown  below 

.  (l/S,  JLSiiii  R*0,«  Fr1'3 
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where: 

a  «  the  prefix  coefficient 
D  ■  diameter  of  the  gee  port,  ft 

2 

h  •  heat-transfer  coefficient  at  cheaper  wall,  Btu/hr  •  ft  -*F 
k  ■  thermal  conductivity  of  gas,  Btu/hr-ft-*F 
Pr  •  Prandtl  nuaber  of  gas 
Re  "  Reynolds  nuaber 

(U)  The  value  of  a  reflects  Che  deviation  f roe  the  theoreti¬ 

cal  Colburn  result.  The  calculations  indicate  that  the  experimental  heat- 
transfer  coefficients  were  about  the  sane  as  the  analytically  determined 
values. 

(U)  For  this  analysis,  It  was  eesuaed  that  the  deta  were 

free  of  any  enoneliee.  In  reality,  there  were  various  effects  which  could 
have  Influenced  the  results.  These  were:  (1)  poor  thermocouple  response  (at 
some  teat  locations)  because  of  fabrication  of  lnetrvnantatlon;  (2)  Ai^O, 
deposits  on  the  transducer  ring  surface;  (3)  and  variable  boundary  effects 
existing  during  the  aaauawd  ateedy-etate  period  because  of  ablation  of  the 
silica  phenolic  liner  that  composed  the  chamber.  These  effects  should  be 
analyaed  in  depth  to  find  their  separate  influences  upon  the  data;  however, 
such  e  detailed  analysis  is  beyond  the  scope  of  the  progran. 

(U)  The  steady-state  correlations  tkiow  some  deviation  For 

tho  innermost  burled  tharnocouples .  This  Is  probably  dut  to  side  conduction 
effects,  since  the  analysis  performed  was  one -di bene tonal  in  nature  and, 
therefore,  did  not  consider  the  heat  input  or  rejection  to  surrounding 
material.  At  the  throat  section  it  is  quite  likely  Chat  heat  was  transferred 
to  die  adjacent  silver-inf il truted .tungsten  throar.  Insert,  since  the  inner 
t  hertnocouples  indicate  e  lower  temperature  experimentally  than  wae  estimated 
■  .milytir.il  calculation. 
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(C)  The  heec-trenefer  characteristics  for  the  H^O,/  9 

Alirr.izine  propellant  combination  can  be  ewmarlzed  concisely  In  titular  form 


as : 

Section 

V  •* 

ht>  ltu/in.2-ea:— *F 

X  of  Colburn, 
_  hi 

i. 

* 

Cheaper 

5540 

(theoretical 
coed)  us  t  loo 

tanpnrnturn) 

3.9  x  10~3 

IS 

1.18 

Throat 

5440 

(theoretical 

recovery 

temperature) 

1.9  x  10*2 

100 

1 

9 

Fro*  th«  above  acta  (a) .  It  la  deer  that  the  Colburn  aquation  predicts 
reasonably  trail  tha  cheaper  and  throat  haat-tranafar  coefficients  for  tha 
HjOj/Alunlalna-43  ayataa.  For  conservative  preliminary  designs  utilising 
thaaa  propellant  a,  uaa  of  tha  Colburn  aguatlun  aa  explained  in  thin  report 
la  raeoaaanded  for  tha  thruat  cheaper  haat-tranafar  evaluation  and  oiaing  of 
all  naganerattve ,  transpiration,  and/or  in  cooled  cheap  are. 

4.  Teat  uata  Analysis 

a.  Coabuation  Stability  Analysis-Teat  1.2-02-AAC-004 

(U)  Oacillationa  of  800  and  2400  cpn  occurred  on  Teat 

1. 2-02-AAC-004  between  FS^  ♦  6. SI  end  FI^  ♦  7.40  eec,  both  In  tho  prlnary 
cheaper  and  in  tha  fuel  fend  aye  can.  Oacillationa  alao  occurred  In  tha 
oKldicer  manifold  but  ware  lnalgnlflcant.  During  thle  Clan  period,  the  TCA 
wai  in  Ita  start  transient,  with  praaauraa  In  tha  aacondary  cheaper  ranging 
fro*  50  to  701  of  steady-state  cheater  pressures.  Tha  oacillationa  developed 
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a-.-.J  subsided  very  gradually,  with  no  avldanca  of  a  pop  or  detonation  to 
cc.l elate  or  propagate  them.  The  oscillation*  In  th«  fuel  manifold  had  a  pre¬ 
dominant  frequency  of  600  cps  at  a  peak-to-peak  pressure  of  110  pel,  whereas 
the  two  transducers  on  the  preburner  Indicated  pressure  oscillations  of 
2400-cps,  with  soma  SOO-cpe  oscillations  at  amplitudes  of  125  pal  (peak-to-peak) . 

(u)  Taat  -004  dlffarad  fro*  tbs  flrat  two  stagad-coatbuatlon 

testa  as  follows: 


(1)  The  fual  Injector  pressurs  drop  wss  reduced  50X  by 
substituting  the  tubular  Injector  for  the  vane-type  Injector; 

(2)  Thrust  per  eleaeot  of  the  tubular  Injector  wee 

lncreeeed  ten-fold; 

(3)  Oscillations  ware  present  on  Toot  -004,  but  did 
not  occur  on  previous  teats; 

(4)  Pressure  drop  through  the  turbine  simulator  was 
reduced  significantly  (Table  VI), 

(U)  Estimation  of  longitudinal  acoustic  modes  for  the  com¬ 

bination  of  the  two  chambers  (preburner  and  secondary  combustor)  Indicated  the 
existence  of  such  modes  et  oscillations  of  about  800  and  2400  cps.  These 
modes  are  difficult  to  calculate  because  of  the  coan>lex  interaction  between 
the  resonance  phenomena  lr  the  praburner  and  secondary  chamber.  The  long  feed 
lines  to  the  TCA  ware  capable  of  resonance  at  a  large  number  of  frequencies  in 
these  two  ranges.  Since  increasing  pressure  drop  In  such  a  system  can  damp 
o«i illations,  the  lowering  of  the  pressure  drop  both  through  the  turbine  slmu- 
l-.tor  arvl  the  fuel  injector  (as  in  Test  -004)  tended  to  increase  the  probability 
•  1  i" ■  1 1 1  at  < rn»  (Ho f .  11). 
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(U)  The  frequency  at  which  the  tubular  injector  would  be 

expected  to  reinforce  acoustic  oaclllatlone  wee  ttatlmatsd  by  using  empirical 
correlations  compiled  by  Aerojst-Censral.  These  correlations  show  the  ssnti- 
cl vc  tine  left,  r ,  as  a  function  of  chamber  pressure  and  injector  orifice 
diameter.  The  resonant  frequency  is  related  to  t  by 


This  frequency,  which  in  a  function  of  mean  pressure  and  of  the  disaster  of  the 
injector  eleaonte,  wee  eetlaeted  to  bo  2300  cpe  at  the  pressure  et  which  the 
oscillations  occurred  in  lest  -004.  This  explains  the  occurrence  of  the  2400- 
cpo  oscillations.  As  the  cheaber  pressure  continued  to  rise,  the  resonant 
frequency  during  the  conbuetlon  process  also  Increased  until  coupling  with  the 
chamber  resonance  was  no  longer  possible.  Therefore,  the  oscillations  leaped 
out.  The  800 -c pc  oscillations  aey  have  been  ceased  by  e  feed-system  node 
coupled  with  e  chamber  mode,  since  they  preceded  the  2400-cpe  oscillations  end 
existed  during  preburner  operation  only. 

(U)  Oscillations  In  the  food  system  con  bo  reduted  or  elimi¬ 

nated,  without  Increasing  pressure  drop,  by  installing  n  side-branch  resonator 
one-quarter  wavs  length  upstream  of  the  injector  (gef.  12).  However,  such  a 
resonator  would  be  effective  only  in  Its  design  frequency  range.  Other  means 
of  controlling  tht  occurrence  of  oscillations  are  through  the  variation  in 
pressure  drop  end  In  chamber  dimensions.  However,  more  analytical  work  would 
have  bean  requlrad  to  successfully  predict  the  effect  of  design  changes  on 
system  stability. 

(t?)  Slnca  the  prassurs  drop  in  ths  vsne-typs  lnjscor  was 

lowered  In  ths  Hod  III  injector  design,  this  injector  was  also  examined  to 
determine  If  combustion  instability  would  occur.  'The  stability  estimates  were 
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'i;oJ  upon  a  more  recent  correlation  aimilar  to  that  given  by  Reardon  (Ref.  12). 
It  was  assumed  that  the  injection  elements  with  a  diameter  of  0.054  In.  would 
dominate  since  they  carried  about  90X  of  the  flow.  The  following  results  were 
obtained: 


Chamber  Pressure 


Combustion  Resonant  Frequency,  epa 


SOX  of  etaady  state 
75X  of  steady  state 
10QX  of  steady  stats 


3700 

4200 

4600 


It  was  concluded  that  in  the  pressure  range  considered,  resonant  interaction 
with  the  2400 -epe  longitudinal  node  would  not  occur  and  that  Interaction  with 
the  5600-cps  first  tangential  node  of  tha  secondary  chamber  was  not  probable. 
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SECTION  V 
CONCLUSIONS 

(U)  The  analytical  and  experimental  progress  conducted  under  this  contract 
have  raaulted  In  tha  development  of  a  technology  baoe  from  which  an  advanced 
rocket  angina  eye  ten  uelng  HjOj  and  Altai  aloe,  or  other  heterogeneous  fuels, 
could  be  developed.  The  conclusions  drawn  fro*  these  studies  ere  categorised 
according  to  the  major  tasks  la  tha  contract. 

A.  TRAMSIENT  COOLDK  ANALYSIS 

(U)  1.  A  teg soars lively  cooled  thrust  chamber  assembly  for  en  engine 

using  HjOj  end  Aluarixlna  can  be  safely  started,  shut  down,  end  reeterted  with 
proper  control  of  propellent  phasing  in  tha  coolant  Jacket  and  turbine. 

(U)  2.  This  thermal  barrier  costings  composed  of  mixtures  of  metals 

and  oxides  and  having  low  thermal  cemductlvity  show  significant  advantages 
over  thick  tungsten  costings  for  coolant  tubes,  because  the  hear .soak  back 
from  tha  thin  costing  is  less  pronounced . 

(U)  3.  Tha  start  aad  shutdown  transients  of  e  cooled  HjOj/Alunlxlne 

engine  must  be  oxldltar  rich  to  satisfy  transient  cooling  requirements . 

8.  PUB  URN  El 

(U)  1.  A  9BE  Hj02  preburner  can  be  operated  satisfactorily  with 

throughputs  up  to  110  psln  and  pressures  la  axe sea  of  4300  pal.  Significant 
reduction  In  catalyst  length  Is  possible  through  the  operation  of  the  catalyst 
puck  at  high  pressure. 

(t:)  2.  The  experlaeotal  catalyet,  developed  by  -he  FMC  Corporation 

and  the  Age  Calalywt  Coapany,  has  both  the  activity  and  tha  high-temperaturc 
resistance  required  for  decomposition  of  hiph-concantrat ion  HjOj. 
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V,  3,  Prabumer  (cont.) 

Cl')  3.  The  decomposition  temperature  of  90  and  98X  HjOj  la  only 

slightly  affoctad  by  ptaaaura. 

(U)  4.  Pure  allvar  nay  ba  used  aa  an  active  eaealyae  for  MX  HjOj 

provldad  It  la  lndudad  only  In  tha  antranea  portion  of  tha  catalyat  pack 
vhara  daconpooltlon  la  lnltiatad  and  pack  tanparatura  la  low. 

(U)  3.  Tha  unique  pack  c cna t ruction.  In  which  niekal-maagaaeae 

acreana  ara  interspersed  batwaan  tha  actlwa  catalyat  aeraana.  prevents  tha 
pack  fro*  losing  its  praoonpactlon. 

(U)  6.  Tha  catalyst  dawalopad  for  uoa  with  MX  HjOj  la  also  satis- 

factory  for  tha  decomposition  of  90X  HjOj. 

C.  STAGED  COMBUSTION 

(U)  1.  High  specific  Impulse  efficiency  can  ba  obtained  with  atagad 

combustion  of  HjOj  and  Alunialna. 

(U)  2.  High  performance  with  atagad  combustion  using  H^Oj  and 

Alunialna  la  obtained  through  tha  maximum  dispersion  of  Alunialna  Into  tha 
gasaous  oxldlaar  stream. 

(U)  3.  Tungsten  resists  erosion  satisfactorily  whan  exposed  to  the 

products  of  combustion  of  HjOj  and  Alumislna  at  alxture  ratios  up  to  1.0. 
Theriforo,  tungsten  is  applicable  to  an  advanced  HjOj/Alunisine  combustion 
chanbar  provldad  that  a  high  performance,  nonstraaklng  injector  is  uaad. 

4.  High-pressure  staged  conbuatlon  of  HjOj  *n^  Alunlslna  has  no 
inherent  conbuatlon  instability. 
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V,  C,  Staged  Combustion  (cont.) 

(U)  5.  The  at aged-combustion  cycle  la  applicable  for  use  with  this 

propellent  combination. 

(U)  6.  A  performance  level  la  eaceas  of  93X  of  theoretical  I#  for 

a  100, OOO-lbf -thrust  engine  is  predicted  on  the  basis  of  the  performance 
obtained  In  the  20, OOO-lbf -thrust  tests. 

(u)  7.  The  combust Ism  efficiency  of  HgOg  sad  A1 anisine  Is  independent 

of  the  HgOg  concentration  ever  the  concentration  reaps  from  90  to  9iX. 
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SECTION  VI 
EECOMtENDATIONS 

(U)  Thia  aaction  unulu  recommendations  tor  further  study  that  would  ba 
rsqulred  to  obtala  tha  technology  tor  a  high-pressure  etaged-conbustlon  K2O2/ 
Alunlalne  angina  (or  an  angina  baaed  upon  a  related  heterogeneous  propellant 
ayatan) .  Thia  dlecuaalon  has  been  organised  according  to  areas  of  technology. 

A.  PHMtNttttNCE 

(U)  1.  The  effects  of  nlxturo  ratio,  studied  on  a  Halted  basis  In 
this  contrsct,  should  be  further  evaluated  to  optlnlae  the  operating  mixture 
ratio  and  obtain  the  nenlimi  delivered  la  for  a  candidate  rochet  angina 
system. 

(V)  2.  The  offset  of  change  In  characteristic  length  (L*)  has  been 
Investigated  in  this  contract.  Tha  Investigation  of  the  effect  of  L*  on  per¬ 
formance  should  be  excluded  to  Investigate  L*'»  leas  than  10. 

(U)  3.  An  objectlva  of  this  contract  uni  to  determine  the  feasibility 

of  high-pressure  staged  contaaCisn  of  MjOj/Alunlslne-A).  This  propellant  com¬ 
bination  eheuld  alee  be  considered  for  low-pressure  (pressure-fad)  ay a tees. 
Consequently,  an  evaluation  of  the  effect  of  combustion  chamber  pressure  on 
performance  Is  recommend el. 

(U)  A.  Peat  analytical  studies  have  Indicated  that  the  aluminum 

loading  In  hydraalne  should  be  optimised  for  *  particular  engine  ayatam.  Com¬ 
bustion  experiments  should  be  e*ed««2id  ?•?  J*tarvir>»  the  pro,  r  aluminum  load¬ 
ing  for  an  HjOj  and  AluaUsino  system  to  obtain  the  maximum  deli^evt^  with 
tha  maximum  propellant  danaity. 
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VI,  Recommendations  (cone.) 

B.  COOLING 

(U)  X.  The  major  objective  of  this  prograa,  la  cho  area  of  cooling, 

was  co  investigate  tha  regenerative  cooling  charactarletlca  of  98Z  HjOj. 

Thaaa  studies  Indicated  (hot  a  high-pressure  regeneratlvely  coolad  TCA  will 
require  a  4300* F  tharaal  barrier.  To  furthor  ovoluoto  this  cooling  technique, 
thermal  barriers  capable  of  operating  at  4300*F  abac Id  bo  developed. 

y 

(U)  Other  cooling  techniques  ara  proalalag  and  foaolbla  but 

raqulra  further  Investigation.  Transpiration  cooling  with  liquid  MjOj  and  | 

decomposed  HjO^  ahould  ba  Invoatlgatad.  ‘ 

(U)  2.  Tha  aoat  near- tarn  application  of  thin  propellant  coeblnstlon 

to  a  rocket  angina  ay ■  tan  would  ba  through  tha  uaa  of  an  un coolad  (haat  link) 

typo  coabuatlon  chaaber.  This  typo  chasber  would  utlllao  tungatan  and  sliver-  | 

Infiltrated  tungatan  aa  the  flat*  barrier.  Long-duration  Coating  of  a  tungsten- 

lined  boat-sink  typo  coabuatlon  chaaber  ahould  ba  conducted  to  danonatrata  tha  [ 

feasibility  of  thla  approach. 

f 

I 

<U>  3.  A  high-praaaura  atagad-eoabuoelon  HjOj/Aluedsine  angina  has 

available  large  quantlcloa  of  high-praoouro  gaa.  Consequently,  tha  flla 
cooling  characteristics  of  hlgh-prasaurb ,  dacoaposed  HjOj  should  bo  lnvestlgatad. 

(U)  4.  The  cooling  eharactarlatlca  of  HjOj  with  rolling  contact  bear¬ 

ings  should  ba  Invaetlgatad,  because  aa  engine  system  using  thla  propellant 
combiner Ion,  or  HjOj  in  coablnation  with  another  fuel,  would  use  the  HjOj  as  a 
bearing  coolant. 
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VI,  a,  Cooling  (cone.) 

(U)  5.  The  most  near-tare  application  of  this  propellant  combination 

should  consider  the  use  of  90Z  i^Oj  Instead  of  9 42  H^Oj,  since  the  dacompoal- 
tlon  temperature  la  less  Chan  1400*F}  current  turbine  and  catalyst  technology 
is  directly  applicable.  The  lower  HjO^  concent ration,  however,  reduces  the 
specific  inpulse  by  approximately  1Z.  Therefore,  higher  performance  cm  be 
achieved  with  94Z  IjOj  as  the  oxidlaer.  The  decomposition  temperature  of  94Z 
HjOj  la  approximately  1400*F,  which  will  therefore  require  the  use  of  high- 
temperature  or  cooled  turbine  blade  technology.  Turbine  cooling  techniques 
end  oxidlaer- rea latent  high- teaperature  nate rials  should  be  lnveetlgeted. 

C.  CAT ALT ST 

(U)  1.  The  decoeqNMitieo  of  90  and  9SZ  et  high  preeeure  hee  been 

acconpllehed  witt  an  advanced  catalyst  ante  rial.  This  new  catalyst  material 
has  a  high  malting  teaperature  and  good  activity.  However,  Indications  are 
that  the  activity  of  the  catalyst  use  reduced  an  a  function  of  exposure  to  the 
HjOj.  Further  Investigation  of  this  alloy  and  eaaeings  for  the  alloy  notarial 
la  required  to  ensure  long  duration  and  restart  capability  for  HjOj  eocopro- 
pallaat  gas  generatjn. 

(U)  2.  The  catalyst  pack  cans  (ruction,  although  unique ,  was  based  on 

the  design  requirements  for  smell  aonoprapallane  reaction  motors.  A  high- 
pressure  HjOj/Alumialna  staged-combustlon  engine  would  require  e  unique  cata¬ 
lyst  housing  volume.  Consequently ,  further  Investigation  of  catalyst  con¬ 
struction,  in  particular  the  radial  flaw  catalyse  packs,  la  required. 
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VI,  Ko ccnr, erv da t Ions  (cont.) 


U.  DESIGN 


(U)  Special  design  technique*  an  required  for  the  Alum l tine  component* 

In  an  advanced  rocket  engine  syataa.  Any  hacerogeneoua  fuil  haa  the  potential 
of  deteriorating  In  an  open  eyetea  after  uae  and  thus  producing  a  aolld 
residual  material  which  auat  be  conaldered  In  the  ayatca  dealgn.  Deaign  tech* 
nlques  should  be  developed  for  the  Injector*  and  cootrola  of  a  rocket  engine 
eyetea  using  heterogeneous  propellants.  Dealgn  of  consonants  having  the  caps* 
blllty  of  reuse  without  dieaseaably  for  cleaning  should  be  Investigated. 

E.  MISSIONS  AND  APPLICATIONS 

(U)  Thl*  propellant  combination  should  be  Investigated  for  Its  appli¬ 

cation  to  advanced  booster  angina  systaas,  14) per  stage,  sad  ln-epace  propul¬ 
sion.  Specifications  should  be  developed  for  these  applications  that  would  be 
used  as  a  basis  for  the  design  of  systaaa  and  coaponsnts  for  any  future  candi¬ 
date  rocket  engine. 
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A.  ENGINE  FLOW  MODEL 

The  objective  of  thle  portion  of  the  anelyeie  woe  to  devalop  an 
analytical  model  of  a  prototype  engine  capable  of  predicting  fuel  and  oxidizer 
flow  ratsa  during  a  variety  of  poeelble  shutdown  traneienta. 

To  kaap  thle  model  aa  almple  aa  poeelble,  a  number  of  eloplifylng 
assumptions  ware  made.  Thaee  assumptions  and  their  juatlflcatlon  ares 

(1)  Pump  cavitation  ia  neglected  and  inducer-pump  performance  le 
included  in  the  main-pump  performence.  Cavitation  ia  aeldom  a  problem  on  ehut- 
dowae  because  of  decreasing  epeeda  and  flow  ratea.  Similarly,  inducer  perfor¬ 
mance  on  ahutdown,  starting  from  a  steady-state  operating  point,  should  follow 
the  Min  pumps  closely. 

(2)  Fluid  inertias  are  neglected.  Thle  ia  justified  baeauae  the 
mein  error  introduced  will  be  in  pressures  upstream  of  the  valvee.  The  effect 
on  flow  rates  for  reeaoneble  line  length*  will  be  bmII. 

(3)  Primary  combustor  gaa  properties  era  assumed  to  be  constant. 
This  is  Justified  by  the  nature  of  the  decomposition  process  In  the  catalyst 
bed.  Although  temperatur*  will  vary  with  coo ling- jacket  exit  temperature,  this 
effect  wee  neglected  because  one  of  the  objectives  of  the  thermal  anelyeie  is 
to  keep  the  exit  temperature  nearly  constant. 

(4)  Propellant  fluid  dene it lee  ere  assumed  to  be  constant  with 
time  throughout  th«-  system.  The  justification  for  this  assumption  Is  the  same 
as  above. 


•  • 
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With  these  assumptions,  it  is  possible  to  represent  engine  perfor¬ 
mance  by  only  three  differential  equations  in  three  unknowns:  Ppc,  primary 
combustor  pressure;  P  ,  secondary  combustor  pressure;  end  N,  turbopump  speed. 
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Additional  auxiliary  equation*,  required  to  relate  theie  three  parameters,  are 
listed  below  in  their  ueual  fora;  for  computer  eolution  there  will  be  a  further 
combination  of  terms.  The  control  parameters  are  CQV  and  C^,  oxidizer-  and 
fuel-valve  resistance,  respectively,  which  are  input  as  functions  of  time. 


P„D  *  V  +  £ot  * 


P  _  -  P  +  fi 

oD  os  o 


nJ  [U 


+  Cop2  (^N)  +  Cop3 


(Line) 


(Pump) 


These  equations  will  be  combined  to  give  s  quadratic  and  w  . 
Valve  resistances  are  to  bs  input  as  functions  of  time.  It  is  t^asonable  to 
assume  thet  admittance  (l/«^c)  varies  linearly  with  time,  thus: 


'ov  «> 


tot2  -  Tovl, 


C...  vt) 


\  Tfv2  -  Tfviy 


Subscripts : 

S  -  Steady-state 

1  -  Closing  starts 

2  ■  Closing  snds 


t  ,  <  t  <  t  , 
ovl  ov2 


Tfvl  <  C  *  Tfv2 
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2.  StfJ>J(ia«.<nlXW8. 


(Line) 


<F«np) 


Thee*  equatloea  will  be  a* eh  leaf  to  give  «  quadratic  la  v{. 


3. 


It  la  eaauated  that  the  ratio  of  the  Individual  treasure  drape 
to  the  total  (F  -  P#c)  renal na  ooeetaet.  two  preecura  ration  ere  required 
(Pu  for  confuting  turbine  weight  flew,  and  for  caeputleg  turbine  work). 

A  reaction  turbine  la  aoauned. 


‘M 


1  •  1)2 


a.  auMni  ftiuaujRat 


Teat  for  choked  flovt 

u  ?ta  *  Sv 

*kl  *  Sm*  F*2  *  Ss 


If  P. 


(Ueu  value*  froe  Section  A, 3) 

"i  •  Si  -  Sj  <rpc  -  Vj 
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Ieeneropic  Spouting  Velocity: 


V  «T7  V  1  -  '« 


Turbine  Efficiency: 


Turbine  Torque: 


60  \  WT  V 
„  6ft 

T  A  w  |  9 


fuwp  Turcuee 


Vo  -  V  |C0f4  *  W  +  <**#(" 


ut  *  ef"2  ♦  c««/  r*st  ♦  c 


W  ’  vfF5l  +  CfP6^p 


Secondary  Corbuator 


HR  •  UTAff 

c*  -  C#1  +  C#2  (MU  +  C<3  (MO2  +  C<4  P 
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Flow  «t  Noaale  Throat: 


i.  ENdQfK  nan  oomuTEt  fmcmm 

An  implicit  dum rlcal  aatbod  using  backward  tins  differences  haa 
been  progressed  to  solve  the  above  angina  ayataa  nodal.  The  inherent  stability 
features  of  aa  lapliclt  aathod,  coupled  with  tho  relatively  aaall  inertial 
affocto  of  tha  praaant  ayataa,  allow  tho  use  of  large  tine  r tops.  This 
advantage  ia  geinad  at  tho  coat  of  solving  tho  ayataa  difference  equations 
aiaultaaooualy  at  each  tlaa  atop.  However,  a  relatively  ala-la  iterative  pro¬ 
cedure  has  bean  developed  for  this  eolation,  and  it  appears  to  hove  good  con¬ 
vergence  choyac teria tics. 
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The  primary  or  outer  iteration*  adjust  the  primary  and  aecondary 
combuacor  pressure*  simultaneously;  an  inner  iteration  loop  determines  the 
fuel  flow  Wf  for  each  outer  iteration.  Therefore,  the  iteration  equations 
given  below  for  tima  t  are  written  in  terms  of  assumed  pressures  X  and  X  , 
calculated  pressure*  Yp  and  Y#,  an  assumed  fuel  flow  rate  Xf,  and  a  calculated 
fuel  flow  rate  Yf. 


Uith  assumed  primary  sad  secondary  combustor  pressures,  the 


pressure  ratios  P^  are  known 


che  eurblae  weight  flow  WT  may  be  calculated 


from  Section  A,4.  The  oxldiser  flow  rate  la  then  determined  from 


w„  -  +  7?1  < K  ~  KJ 


In  which  P^c  is  the  known  primary  pressure  at  the  previoue  time  step,  i.e., 
at  time  t  -  it.  In  the  inner  iterations  for  Uf,  the  aaeumad  flow  Xf  is  used 
to  evaluate  the  secondary  comb u* tor  mixture  ratio  MX  end  thua  c*[  the  calcu¬ 
lated  fuel  flow  is  than  given  by 


*  \  X*  c-5 

— Jr1,  -  w  +  — 42—  (x  -  r  ) 

T  (c*)2  At  •  ,c 


in  which  P’c  is  the  secondary  pressure  at  time  t  •  At. 


After  the  lnnar  iteration  converges  to  W?,  the  turbine  apasd 
N  ia  determined  from  the  turbine  fore*  balance:  th*  latter  yields  Ch#  following 
quadratic  in  N: 
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<»„  c0»  ♦  »I  W  »2  ♦  (c.rj  «.  *  ct n  “«  *  fe '  “  S  “ I>  “ 


-  <ft  »•  ♦  if  s.  vi  "i  -  *.1  -  “t!>  •  ° 

o  r 


In  which  M’  in  the  turbln*  apaad  at  tiaa  t  -  At.  Koch  outer  or  pressure 
iteration  ia  coupletsd  by  obtaining  calculated  pressures  fro*  tba  line  and 
pun?  equations  in  Sections  1,1  and  A, 2.  Thua, 

*,  ■  'o.  *  *An  «*  *  <wi 

w  2 

-  'C.t-C.F3*C«<,»  f~ 


\  *  *  ",C,«  »  *  CfK  *» 


-  ‘cn- WW'*1  77 

2.  man  Uiatteaa 

Newton's  mthod  ia  uaad  to  aodify  Z{  in  tha  lunar  iterations ( 
thus,  (or  the  (m  +  l)at  iteration 


with 


''-1  * 

1  Y.  fl 

1  xf  L< 


J  +  2CP?  V 

[  fiLi + 2ci?3  Vi 

r  ▼  4  (A.  -  r  ; 

<c*>*  (c*)J  At 

u*  v  / 
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These  iteration*  are  started  using  the  fuel  flow  from  the  previous  outer 
Iteration,  or  froa  the  previous  tine  step  In  the  first  outer  lteretlon,  end 
arc  terminated  based  on  the  convergence  criterion 


^‘f 


3.  guilt  ttinttoi 


A  tvo -dimensional  version  of  Newton  '*  method  is  used  to 
modify  the  assumed  pressures  la  the  outer  itorttloas.  Thus,  for  ths  (■  +  i)st 

iteratioo 

W  -  Vap 

X.,mH  •  Xs.-  +  4s 


with  d  and  d  f roe  the  elmultsneous  solutlos  of 

P  • 


X  -  Y 
.».*  P 


[if  <xo  *  jx  i  xa  )  -  t  1  r  (X  ,  x  +  a*  )  -  r 

g  &.JL  -  8  I,  !*■  i  . -1  -  jl  A  »  A  ,  .iJ..  til . »■  ■  . . a 

«,  J  **  «. 

Y-  <Xn  .  +  «*»•  X.  «>  *  T.  <X»  «*.>  *  Y.  1 

e,«  Ye,o  -  fiX  Ap  aX  j 


in  which  Y  -  Y  (Xn  ,  X,,  ) 

P  P  P»*  <1* 


Y.  *  Y.  (Xn  •*  X.  m) 

e  e  p,»  • >■ 
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The  perturbation  increment*  4X  and  4X  are  aalactad  aa 

P  * 


4X 

-  Y 

-  X 

P 

P.* 

P.« 

4X 

-  y 

-  X, 

a 

a.* 

with  the  raatrlctlon  that 


r,  <  !•% 
Y.  <  l«. 


I.  1 


V- 


^  X.  X... 


Thaaa  ltarutiuoa  ara  a  tart  ad  ualag  tha  praaawraa  f  rea  tha  preriaua  tlaa  a  tap, 

l.a.,  X  •  r*  and  X  •  F*  *  and  ara  taraloatad  baa  ad  on- tha  alauleaoaoua 
p  pc  a  as 

conversance  criteria 


C.  LOCAL  GUAM! EX-WALL  ANALYSIS 
1.  Caatina 

Tha  equation  for  conduction  in  tha  coat  Ins,  ssaunlng  constant 
thermal  conductivity,  la 


(ta  D 
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» 


» 


vnich  is  subject  to  the  boundary  condition 


<Tr-V-  ,E’i) 

at  tha  hot-gas  surface  and  to  heat-flux  and  temperature-continuity  requirements 
at  the  tube-wall  interface. 

An  approximate  solution  of  the  coating  conduction  equation 
will  be  used  to  oinplify  eha  analysis.  Instead  of  solving  the  partial  differ¬ 
ential  aquation  polntvlss,  i.e.,  at  each  radial  position  r,  an  integral  torn 
will  be  solved  using  an  assumed  temperature  distribution.  In  this  way,  the 
conduction  equation  la  reduced  to  an  ordluary  differential  equation  la  time. 

This  technique  is  analogous  to  tha  well  established  integral  nathoda  of 
boundary-layer  theory.  Its  application  to  heat  conduction  is  widely  reported 
in  the  literature  end  has  proved  to  be  surprisingly  occur sea  using  simple 
temperature  distributions. 

Integrating  Equation  1  over  tha  thickmaaa  of  tho  coating  yialds 


", 

<oc)c  rc  4c  dT 


*f  p  em* 

c  rg  »r  r  *  r 


n  If  f 

cri  »ir 


in  which  Tc  is  the  area-weighted  average  temperature  of  tha  coating.  Tho 
temperaturo  distribution  in  tho  coating  Is  assumed  to  bo  of  tho  form 


Tc  (r.t)  -  Tt  (t)  +  o(t)  C  ♦  b(t)  t2 


in  which 
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Luting  in  the  above  integral  or  energy-balance  equation  give* 


r  a  df  2r 

“V*  “rtf  -  4  ♦r1,  b 

c  c 


the  gaa-eida  boundary  condition  (equation  2)  require* 


in  vhicn 


The  definition  of  T  yield* 
0 


»#  («  +  2k)  -  Tt  -  It  -  a  -  b 


1  ■  t’— r*  (iw»e»e  gaa-eid*  Blot  n unbar} 
*  h8  4C 


_c 


in  which 


*c  -  T1  +  *1  *  +  *2  b 

*!  ♦  I  ic 
a,  -  A.-1-* 


1  2r 


'2  3r 

W 

Containing  Iquation*  A  and  3  give* 


2  »,  ♦  1  ’  fl2 


(Eq  3) 


<*q  4) 


<*q  3) 


(Bq  6) 
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i 


2,  Tube  W,iU 

The  tube  wall  will  be  created  In  the  t 
The  Integrated  conduction  equation  or  energy  balance  la 


way  aa  the  coating. 


3TW 

<pCVv4w  dt  *w  ri  "37 

The  tube-well  teaperature  distribution  Is  essuned  to  be 


-  fw  I 
rt  "  wrL  Jr  I r  - 


(r.t)  -  \(t)  *  c(t)n  ♦  d(t)n2 


in  which 


r  -  r. 


[ 

i: 


r 

i . 


Substituting  lu  the  energy -balance  equation  gives 


ik  5t  .  <♦£».  4 

"u  4t 


(«q  7) 


from  which 


The  cuolent-elde  boundary  condition  requires 


3l 


"Sr  "  \  '*W  ’  V'  r  "  rl 


\  c  "  \  -  V 


(Eq  8) 
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in  which 


l'rort-  iO/3j-K,  l’uuuc  Xi,  App  :ix  ( 


*W 

\  "  h  4  (invert#  cooleat-elda  Biot  niater) 
L  W 


Th«i  4of*nition  of  Ty  |ivti 


*V  *  \  +  ffi  c  +  * 


(Eq  9) 


in  which 


,  .ikiii 

l  it,, 


t.  ♦  * 


J  3r. 


OMblnini  Equations  8  mA  9  yuidi 


(«q  10) 


ft  0 


At  tt»  interface  of  coating  ead  ti*e  wall,  continuity  of 
tatptnturt  and  haat  flute  require 


tl  •  7^  ♦  c  ♦  d 


CCq  11) 


«a  *  c  +  24 


(Eq  12) 


respectively,  in  which  it*  It  6  /t  6  . 

C  V  w  c 
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Froa  Equations  10  and  12 

-  & :  "i  t 

2(o,  *  1,)  .  0, 


(Eq  13) 


Expressing  Equation  11  In  tarns  of  T£  and  Ttf, 


(Eq  14) 


Tc  -  8xa  -  B2b  -  ty,  +  (1  -  Oj)  c  +  <1  -  o2)d 


Substituting  Equations  6,  13,  and  14  for  b,  c,  and  d  gives 


a 


T  -  T, 


28.  +  1 

Am  .  -  ■  (T 

21  +1-8,  '  r 

8  * 


2Bl+1 

2<o 1  +  #L)  -  a2  <7M  “  V 


8.  ^2B  +  1)  -  8,  (B  +  1) 

,  ..-Lm...  a. d ji . . 

28  +  J.  -  82 


(Eq  15) 


Uaa  of  Equations  6,  13,  14,  and  13  In  tha  anargy  balancas 

(Equations  3  and  7)  sllalnatas  the  auxiliary  parameters  a,  b,  c,  and  d  and 

definea  T  and  T  In  cetna  of  the  boundary-condition  variables  T  ,  h  ,  h, , 
c  v  '  r  g  L 

and  Tb. 


*•  fandlUm 

The  gas-aide  boundary-condition  variables  are  related  to  the 
flow-system  variables  as  follows i 
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la  which  tha  function  S  (T  /Tr)  la  table- input  and  la  evaluated  at  tha  begin¬ 
ning  of  a  time  atop  to  that  Equation*  6  aad  15  may  ba  aolvad  explicitly  for  a 
aad  b.  Mot a  that 


» 


» 


TC  "  Tc  +  (1  "  V  *  +  (1  *  fl2>  b 
the  coolant-*  ida  boundary  condition*  arm 

°g 

h^  -  Wq  (baaad  on  alactrlcally  ha* tad  laboratory  taata) 

Th  »  Tbg,  a*  a  flrat  approximation,  or 

Tb  ■  Tb  (t)  from  a  coolant  temperatura-rle*  aaalyala  (described 
in  Sactlon  E )  if  a  nor*  accurata  aoluticn  la  noadad. 

0.  CHAMBER-WALL  COMPUTER  PROCRAM 

Backward  tLsa  dlffarancaa  art  alto  uaad  to  aolva  tha  chaabar-vall 
energy  balancaa  (Equations  3  and  7).  Thar* fora,  In  difference  for*  than* 
equations  bacon# 
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a  + 


c 


b 


(T,  -  tj  )  •  c  + 


2r. 


—  i  ^  • 

in  which  and  Tw  ara  tha  coat ins  and  wall  average  temperatures  at  tine 

t  -  At;  tha  quantities  a,  b,  c,  and  d  are  defined  by  equations  6,  13,  14,  and 

15. 


For  given  wall  boundary  conditions  the  above  energy  balance  differ¬ 
ence  equations  represent  a  pair  of  linear  simultaneous  equations  in  Tc  and  Tw- 
dowever,  the  gae-eide  convective  coefficient  h^  is  dependant  on  the  coating 

surface  temperature  T  and  thus  on  T  and  T.  .  therefore,  iteration  on  T  la 

eg  c  w  eg 

necessary  in  solving  the  energy  balance  difference  equations.  Each  iteration 
is  accomplished  using  a  trial  T  ,  designated  X^,  solving  for  Tc  and  and 
the  difference  equations  and  then  calculating  the  resultant  coating  surface 
temperature  Yfi  from 

Ycg  *  fc  +  (l  *  fll}  *  +  U  -  82)  b 

Newton's  method  is  used  to  modify  X  for  the  next  iteration;  thus, 
for  the  (a  +  l)ct  iteration 


Y  -  X 

-g.  ■  +  1  cg,m  /dYca\ 

1  -I  ...Sa. 

\dX  J 
\  c»/« 
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The  derivative  is  calculated  by  perturbing  X,  ,  i.c.. 


with 


/dY  >  Y  (X  +  i%  ) 

-Si)  m  a  ca.n _ 

dX  /  iX 


4Xcg  "  *c*,n  ~  XCfl,« 


-  Y 


^g.B 


except  for  the  requi 


Yc*  -  4Xcg  -  *cg  Xc«,n 


The  ltsrstions  are  atari ed  using  X  fron  the  previous 
tenainated  based  on  the  comrergeoce  criterion 


tins  step,  ead  are 


:  -  x 

au . ja 


eg 


*  t 


e» 


E.  COOLAKT-IlMraunrU  ANALYSIS 


The  coolant  energy  equation  nay  be  approximated  as 


o  p 


>Tb  ,Tb 

cp  Af  It  +  Wo  cp  ST  -  1  <*»t) 


(Eq  16) 


The  heat-input  rate  q  ie  eeeunad  to  be  epece^tlne  separable  oner  large  eectione 
of  the  tube  bundle;  thus.  in  section  j 


c,  (t) 

<?  (x.t)  ” 
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t  tii  ( ( t )  defined  by  Equations  13  And  15  from  the  local  chamber-wall  analysis 
of  a  point  In  the  section. 

Because  the  transient  temperature  Increase  of  the  coolant  must  be 
limited  as  one  of  the  shutdown  criteria,  a  queel-steady  solution  may  suffice 
for  most  of  the  analysis.  In  chat  case,  the  energy  storage  term  involving  the 
time  derivative  can  be  dropped  from  Equation  16.  However,  this  aasraptlon 
should  be  checked  by  comparison  of  the  quaei-steady  solution  and  the  exact 
solution  of  Equation  16,  aa  determined  by  the  method  of  characteristics. 


Solution  of  Equation  16  along  characteristic  curve*,  as  illustrated 
above,  yields  the  following: 

&gJ,9B  l  ±iC, 


*> 

f 


W  dt 
o 


dx 


Tb.  (*’> 


'n(x)  C1 
CJ.  Wo(t> 


(Eq  17) 
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in  ■  iitch  t(x)  La  given  by  Equation  17. 


Wo“ 


Vf  * 


(Kq  18) 


.  *  q.  J  c  (t) 

v^“  *■ 


In  which  t(x)  in  given  by  Equation  18. 


Noto  that  *'  and  t*  ara  diaany  paraaataro  which  aaraly  aarva  to 
define  the  atartlog  point  of  any  charactariatic  curve.  Thua,  tot  a  given  a 
and  t  of  lntaraat  in  tag  ion  Z,  Equation  17  dafinaa  x4 ;  alatilarly,  Equation  18 
definaa  t ' . 
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F.  NOMENCLATURE 


L.  English  Lttttre 


a(t) 

At 

Af 

b(t) 

a 

c<0 

c* 

Cov»Cfv 

COT'St 

C0Pl-6 

Cfpl-6 

Sl-9 

CSl-5 

Si 


vs 

Cro-5 

So-3 


d(c) 

D 

S 

h 

I 

r. 

MR 

N 

"l-4 


Coafflciaat  In  coating  taaparatura  distribution 
Secondary  coat  um  tor  throat  arsa 
Coolant  flow  araa 

Coefficient  la  ooatlng-taoparatura  distribution 
Invaraa  Blot  nuabur,  K/h4 

Coafflciaat  la  tuba-wall  taaparatura  distribution 

Sacondary  ooabuator  characteristic  velocity 

Oxldiser-  and  fual-valve  resistances 

Oxldlaar-  and  fuel -ays tan  raalataacaa 

Oxldlxer-puap  conatanta 

Pual-punp  constants 

Turbina  constants 

Secondary  coabuator  constants 

Primary  coabuator  or  preburaar  constant 

Qxidicar  a pacific  hast 

Hast-  transfar-coaf  f  lciant  nultlpllara 

Us  covary  taaparatura  conatanta 

Haat-transfer-coefflciant  constants  for  alxtura- 
ratlo  dapandanca 

Coafflciaat  in  tuba-wall  taaparatura  distribution 

Secondary  coabuator  diaaatar 

Gravitational  constant 

Convactlve -ha  at- transfer  coafflciaat 

Total  tuxbopunp  lnartla 

Thermal  conductivity 

Sacondary  combustor  mixtura  ratio 

Turbopuap  apasd 

Exponents 

Prcaaura 


3 


I 

I 

I 

T 

i 
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Turbina  praasura  ratios 

Coolant  haat-lnput  rata  par  unit  length  (product  of 

4  and  haatad  perimeter) 

.  c 

Radius 

Tine 

Local  coating  or  tuba-wall  temperature 

Average  coating  or  tuba-wall  temperature 

Secondary  coabuatar  recovery  tawperatura 

Coolant  bulk  taapcrature 

Coolant  velocity 

Turbina  • pouting  velocity 

Flow  rate 

Anlal  coolant-flaw  coordinate 
Aaauned  or  trial  values  of  iteration  variable* 
Calculated  value*  nf  Iteration  variables 
Film- tempo return  cc.  ,wc>lon  factor  for  h 


Creak  Lattere 


The real  diffuelvlty 

Coating  gnonatrlc  cooatanta 

Lower  Halt  on  abaoluta  perturbation  Increment 
magnitudes 

Costing  or  tube-wall  thickness 

Ferturbetloo  Increments  for  calculating  Newton'* 
method  derivative# 

Iteration  increments  on  systsn  pressure  trlsl  values 

Tine  step  Increment 

Convergence  parameters 

Dlmnsloulesa  redial  coordinate  (r-r,  )/s 

L  w 
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Greek  Letters  (cone,) 

Turbin*  efficiency 
Chamber-wall  parameter  4^/K^  4 

A  Upper  Halt  on  relative  perturbation  increment 

magnitude* 

u  Torque 

i  DlMoelooleae  radial  coordinate  (r-r.)/  4 

1  c 

0  Deaalty 

(pC)  Volumetric  heat  capacity 

o^  2  Tube-wall  geoeutrlc  constants 

t  Valve-closing  charat  teriatic  times 

4  Heat  flux  to  coolant 
c 

1.  Subscripts 

c  Coating 

f  Fuel  (fS-fuel  suction,  fD-fuel  dlschargs) 

g  Gaa-sldu  coating  surface 

1  Coating-tube  well  interface 

L  Coolint  side  of  tube  wall 

n  Intaration  index 

0  Oxidiser  (OS-oxidlser  suction,  OD-oxldlser  discharge) 

pc  Primary  combuator  or  prebumar 

sc  Secondary  combuator 

5  Staady  stata 

T  Turbina 

U  Tuba  wall 

4.  Superscript 

Value  at  previous  time  step,  time  t  -  At 
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(U)  Interaction  theory  (Ref.  1)*  wa*  used  for  analysis  of  injector 

performances  for  the  Advanced  Propellant  Stated-Combustion  Evaluation  Program, 
fills  method  is  unique  in  that  interactions  between  the  inject  or/chamber 
performance  and  the  no2Zla  expansion  process  are  considered.  Interaction 
losses  include  che  effect,  of  the  lavel-of~energy-releaee  efficiency  (injector/ 
chamber  performance)  on  nostle  efficiency,  the  interaction  between  injector 
mixture-ratio  distribution  end  nostle  performance  independent  of  the  overall 
level-of -energy-release  efficiency,  end  the  interaction  between  mixture-ratio 
distribution  and  kinetic  losses. 

(U)  The  meebod  involves  determination  of  the  actual  performance 

potential  of  e  epecific  injactor/chaaber  based  on  the  local  mixture  distribu¬ 
tion  at  the  injector  face.  The  degree  to  which  the  potential  will  be  achieved 
la  detemined  by  estimating  the  magnitude  of  various  thrust-chamber  psrfonaancs 
lossss.  The  following  ten  performance  losses  are  the  losses  which  are 
important  in  describing  tho  performance  of  e  given  liquid  rocket  engine: 

1.  Nosale  friction  Lose 

2.  Nossle  Geometry  Loss 

3.  Nossls  Heat  Loss 

4.  Chamber  Heat  Lose 

3.  Chamber  Friction  Loss 

6.  Energy  Release  Loes  (ERL  Lose) 

7.  Mi-iture-Ratio-Diatribution  Loes  (MRD  Loss) 

H.  Kinetic  Losses 

9.  Gas-Par  tide  Flow  Effects 

10.  Maes  Distribution  Effects 


*A  list  of  references  is  given  at  the  end  of  this  appendix. 
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U  tray  be  noted  that  the  first  three  of  these  losses  are  specific  to  the  nozzle 
expansion  section,  whereas  the  other  aaven  losses  heve  both  s  chamber  and 
nozzle  component.  Thus,  It  can  be  seen  that  nozzle  performance  is  not  inde¬ 
pendent  of  chamber  performance.  Therefore,  any  separation  of  chamber  and 
nozzle  performance  which  assumes  that  ona  is  independent  of  the  other  (a.g., 
the  c*  -  Cj,  method)  will  not  only  lesd  to  Incorrect  Inference  of  the  possible 
source  of  low  performance  but  will  elso  result  in  significant  errors  when 
extrapolating  performance  from,  the  low-area- ratio  tast  configuration  to  the 
high-area-ratlo  flight  configuration. 

B.  PERFORMANCE  LOSSES  FOR  THE  98Z  WLO  /ALUMIZINE-43  STAGED- 

COMBUSTION  SYSTEM 

(U)  Not  all  the  performance  losses  listed  Ijq  the  previous  section  are 

germane  to  the  Advanced  Propellent  Steged-Combustion  System.  The  magnitude 
of  the  nozzle  heat  loss  is  estimated  to  be  only  about  0.1X  or  late  of  vacuum 
specific  Impulse  end  is  neglected.  Because  of  the  high  chamber  pressure, 
kinetic  losses  ere  negligible.  Maaa-dlatrlbution  effects  are  elso  considered 
negligible  since  an  approximately  even  mass  distribution  exists  at  the 
secondary  injector.  Thus,  only  nozzle  friction  and  geomstry,  chamber  heat 
and  friction,  mixture  ratio  distribution,  gas-particle,  and  energy  release 
performance  losses  are  considered  potentially  significant  for  this  analysis . 

1.  Ngisis.ftmim  Jau 

(U)  The  viscous  effects  between  the  gaseous  boundary  layer  and 

the  nozzle  wall  will  result  in  e  shear  force  which  degrades  nozzle  thrust. 
Viscous  effects  may  also  be  considered  as  slowing  the  velocity  of  the  main¬ 
stream  gases  In  the  boundary  layor,  thereby  lowering  the  total  exit  momentum 
from  the  nozzle.  The  effect  of  frictional  dreg  on  nozzle  performance  Is  cal¬ 
culated  by  use  of  the  Aerojet  Computing  Services  Division  Program  P-133,  which 
is  based  upon  the  extended  Frankel-Volshel  Expression  (Ref.  2)  for  avurago  skin 
friction.  Friction  loss  calculated  by  this  method  will  be  valid  for  the  cjsc 
of  i  smooth  nozz  le  wall. 
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2 .  Nozzle  Geometry  Loan 

(U)  Nozzle  gaometry  loss  may  be  attributed  to  the  loas  In  thrust 

due  to  the  discharge  coefficient  of  the  throat  and  the  loas  in  thrust  resulting 
from  the  fact  that  part  of  the  gaaaa  leaving  the  nozzle  exit  plane  are  not 
parallel  to  che  nozzle  axle.  Tha  geometric  performance  lose  la  determined 
from  ACC  Computer  Program  10036  by  comparing  the  performance  of  the  three- 
dimensional  axisyaaetric  nozzle  with  a  one-dimensional  configuration. 

3.  Chamber  Heat  loas 

(U)  Heat  lose  from  the  combustion  products  to  the  chamber  wall 

results  In  s  loas  in  totsl  combustion  gas  enthalpy.  Thia  loss  in  snthalpy 
reducts  the  svsileble  nozzle  expansion  work  performed  by  the  combustion  gases. 
Chamber  hest  loss  is  one  of  the  interaction  losaas.  The  method  used  to 
calculate  chamber  heat  flux  is  described  in  Appendix  III. 

A.  aMBfeaJLlli&Ugfl.  Iigit 

(II)  Viscous  ahcar  drag  on  the  chamber  wall  rasulta  In  a  loss 

in  thrust  for  the  total  engine  system.  On  most  high-thrust  engines  having 
practical  utility  the  chamber  friction  lose  can  justifiably  ja  neglected 
because  of  the  low  subsonic  gas  velocities  in  the  chamber  and  tha  low  ratio 
of  chamber  surface  araa/angine  weight  flow  rate.  However,  for-  the  20,000-lbf- 
thruat  h&rdwaro  of  the  Advanced  Propellant  Stagsd-Combustion  Evaluation  Program 
this  loss  was  separately  identified  because,  if  this  lcis  is  neglected  and 
lumped  together  with  tha  energy  release  loas  and  extrapolated  to  large  thrust 
engine  ayscems,  excessive  losses  would  be  predicted.  The  method  used  to 
evaluate  thia  loea  is  described  in  Appendix  IV. 
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Mlxture-B 


(U)  Irregular  mixture  ratio  distribution  at  the  secondary  injector 

face  can  result  in  a  change  in  the  performance  potential  of  a  thrust  chamber 
when  compared  to  the  ideal  performance  calculated  from  the  overall  mixture 
ratio.  The  effect  of  the  Irregular  mixture-ratio  diotributlon  on  performance 
is  determined  by  a  stream-tube  analysis.  In  this  analysis,  tha  flow  la 
separated  into  regions  of  common  mixtura  ratio.  The  fluid  stream*  issuing 
from  the  injector  in  each  raglon  are  presumed  to  mix,  combust,  and  expand 
through  the  nozzle  without  mixing  or  interacting  with  any  other  stream  from  an 
adjacent  region.  Thue,  although  theaa  atreaa  tubes  may  change  relative  size 
during  the  expansion  through  the  nozzle,  they  ere  assumed  to  retain  their 
identity  and  specific  mixture  ratio.  The  atreaa  tubee  can  take  on  any 
geometrical  shape  as  required  by  the  mixture-ratio  distribution  at  the 
injector  face.  The  number  of  stream  tubea  can  vary  from  one— for  the  case  of 
even  mixture-ratio  distribution— to  ae  many  aa  can  be  defined  without  any 
stream  tube  being  smaller  in  width  than  the  typical  lateral  dimension  of 
turbulence.  The  minimum  site  is  obviously  that  of  the  smallest  mixing  unit, 
or  element.  However,  in  the  case  of  very  small  elements,  or  a  high  degree 
of  turbulence,  the  smallest  mssningful  stresn  tube  may  cover  many  elements. 


(U)  Two-phase  flow  losses  ere  associated  with  the  presence  of 

cither  liquid  or  solid  particles  in  the  gaseous  flow  stream  of  a  rocket  engine. 
The  Chemical  Composition  Program  (Ref.  3)  considers  t.ie  presence  of  the  con¬ 
densed  phase  and  its  inability  to  expand  in  the  rocket  nozzle,  but  it  assume* 
kinetic  and  thermal  equilibrium  between  the  condensed/gaseous  phases.  In 
actuality,  a  thermal  lag  exiots  in  which  the  particle  temperature  remains 
higher  than  that  of  the  expending  combustion  gases.  Heat  thus  rstalned  by  the 
particle  results  in  a  decrease  in  the  gas  enthalpy  available  to  accelerate  the 
expanding  gaseous  phase  in  the  assumed  shifting  equilibrium  performance. 
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Furthersora,  tha  alowar  moving  particlaa  create  a  drag  on  the  accelerating 
gases  and  decrease  tha  mainstream  momentum.  Tharafora,  the  deviation  from  tha 
assumed  kinetic  and  thermal  equilibrium  condition  la  what  constitutes  tha  two- 
phase  flow  Iocs.  Tha  computer  program  used  to  determine  tha  loss  in  specific 
impulse  due  to  particlaa  In  tha  flow  stream  la  Aerojet  Computing  Services 
Division  Program  48067.  This  program  computes  tha  ona-dimsnalonal  flow  of 
a  gas-particle  ays tarn  through  a  parabolic  nossle  in  both  tha  subsonic  and 
super sonic  regions. 

(U)  Tha  extant  of  tha  deviation  from  kinetic  and  thermal  equilib¬ 

rium  is  dictated  by  tha  absolute  particle  aisa.  It  is  tharafora  mandatory  that 
the  particle-site  distribution  be  known.  Aa  part  of  thla  evaluation  program, 
particls  samples  ware  obtained  for  tha  two  baalc  injector  design  concepts  and 
chair  aisa  distributions  ware  determined. 

7.  Enersnr  Release  Loss 

(U)  Tha  anargy  ralaaaa  losa  of  aa  angina  represents  tha  difference 

In  performance  between  complete  and  incomplete  energy  ralaaaa.  For  the  Advanced 
Propellant  Staged •Combust ion  System  two  mechanisms  for  anargy  ralaaaa  losa  are 
possible.  Por  most  conventional  propellant  systems  the  propellant  vaporization 
rate  (Ref.  4)  la  the  controlling  mechanism  of  tha  combustion  process  and  the 
energy  ralaaaa  loaa  can  be  attributed  to  tha  combustion  enthalpy  reduction  and 
gaseous  phase  mass  reduction  that  results  from  tha  unvaporized  propellant. 
However,  with  Alumlzlne~43  the  basic  assumption  that  vaporization  is  the  race¬ 
controlling  mechanism  may  not  be  valid.  That  la,  tha  degree  of  aluminum 
chemical  reaction  may  also  bs  responsible  for  energy  relaeee  loss.  This  may 
occur  either  because  insufficient  aluminum  reaction  time  was  allowed  or 
because  the  aluminum  was  not  adsquatsly  heated  to  its  ignition  temperature 
(Ref.  S)  resulting  in  reduced  aluminum  availability.  Since  neither  of  these 
looses  waa  analytically  calculable  for  the  Aluaizine-43,  tha  energy  release 
loss  was  determined  aa  the  difference  between  the  theoretical  and  experimentally 
measured  specific  impulse  less  all  other  calculable  performance  losses. 
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(ll)  rhe  gaa-aida  heet-tranafar  coefficient  wee  determined  from  Bartz's 
aquation 
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trftere 
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taa-alda  haat-traaafar  coefficient,  ltu/in2.-aac-*R 
diameter,  la. 
vlacoslty,  lba/ft-aec 
a pacific  beat,  itu/lba-'I 
Praadtl  mwhar 

pu  flow  rata,  iWaae 

.  2 

araa,  la. 

fraa-atraaa  saa  temperature,  '» 

arithmetic  aaaa  temperature,  *R(^ 
gee  recovery  taaparatura,  *ft 
|M»«Ua  wall  taaparatura,  *R 


and  where  tha  traaaport  propartiaa  ara  evaluated  at  tba  arithaatlc  aaaa 
taaparatura. 


(U)  Having  calculated  tha  haat-traaafar  coefficient  by  Equation  1,  tha 
coefficient  we*  uaed  to  determine  the  dlaanaloolaaa  Blot  number 

11  -  (h#  r2/k)  (Eq  2) 

where:  r2  -  outer  radlua  of  chamber  wall,  la. 

k  -  wall  tharaal  conductivity,  Btu/ln.-aac-*R 
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(U)  The  time  variable  la  also  mad*  dimensionless  by  introducing  the 
Fourier  number 

F  -  a  t/rZ,,  (Eq  3) 

o  1 

2  ! 
where:  a  -  wall  thermal  diffualvlty,  in.  /sac 

t  ■  tins,  sac 

« 

(U)  One  additional  parameter,  the  ratio  of  inner  wall  radius  to  outer  wall 

radius,  is  required  to  graphically  determine  the  inner  wall  temperature  using  , 

the  Blot  and  Fourier  numbers.* 

i 

* 

(U)  If  the  wall  temperature  thus  calculated  does  not  agree  with  the 

assumed  wall  temperature  used  in  Equation  1,  further  Iterations  eay  be  required  \ 

until  convergence  is  achieved.  It  should  be  noted  that  all  transport  properties 

are  temperature-dependent.  * 


& 


9 


(U)  The  heat  flux  in  the  convergent  ttossle  section  wee  calculated  by  j. 
dividing  the  tone  into  five  segments,  by  calculating  tha  heat  flux  at  each  i. 
section,  and  by  multiplying  tha  calculated  flux  by  its  corraspondlng  aurfaca 

area.  j  • 


(U)  The  total  chambar  hast  lose  was  thsn  calculated  by  aunming  tha  local  *"* 

heat  flux  and  tha  incremental  chambar  surface  area. 

7  9 

%  -  Ehgi  <Tr  ’Vi  *i 


(U)  To  evaluate  the  effect  of  chamber  hast  loss  upon  angina  specific  M 

impulse ,  tha  reduced  temperature  option  of  tha  Chemical  Composition  Program** 


temperature  Charts  for  Interftallv  Hasted  Hollow  Cylinders.  Aerojet -Central 
Technical  Memorandum  165  SRJP,  July  1961. 

**CrUman,  P.  A.,  Goldwasser ,  S.  R. ,  and  Patroisl,  P.  A  General  Computer 
Program  for  Calculation  of  Rocket  Performance  Parameters  of  Propellants 
Containing  the  Atomic  Species  C.  H.  0.  N.  F.  and  Cl.  Proceedings  of  a 

Propellant  Thermodynamlca  end  Handling  Conference,  Special  Report  12,  ® 

June  I960. 
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■-.u  used  ‘.o  Jecemin*  the  effect  of  anthalpy  decreese  In  Cha  chamber  (at  Mach 
number  zero)  to  reduced  (lu*  L^nporatura  (AH/ AT). 


AX 


Chan. 


Ht.  Loss,  b.l. 


b.l. 


(AH/AT) 


(Eq  4) 


where: 


W.  ,  -  propellant  flow  rata  within  the  t hemal  boundary  layer. 

Del* 

lbm/sac 


A^Chaa.  Ut.  Loaa .b.l. 


naan  tenparsturs  reduction  of  flow  within 
the  thermal  boundary  layer.  *K 


(U)  The  engine  performance  loaa  r*  suiting  from  chamber  beat-tranafer 
affecta  la  proportional  to  Che  fractional  maaa  flow  rato  of  ebo  thormal 
boundary  layer  end  to  the  reduced  specific  Impulse  of  the  boundary  layer 
corresponding  to  the  temperature  reduction  of  Equation  A.  For  purposes  of 
this  analysis.  It  was  assumed  that  the  boundary  layer  flow  rate  expended  co 
the  exit-area  ratio  of  tha  angina.  Slnca  the  epeclfic-iopulee  loss  increases 
in  tha  noaale  with  increasing  exit-area  ratio  for  e  given  temperature  reduc¬ 
tion,  chamber  heat  lose  is  one  of  the  interaction  losses. 

(U)  The  approximation  wee  made  that  tha  thickness  of  the  thermal  boundary 
layar  was  equal  Co  che  velocity  boundary  layer  divided  by  the  one-third  power 
of  the  Praadtl  number. 
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(U)  The  velocity  distribution  of  an  inco«p>reasibla  fluid  in  a  pipe  for 
nonfully  developed  turbulent  flow  1* 


aSll  m  il  X  -  6  <  t  <  X 

L  *  J 

lli£i  .  i  vhan  0  <  r  «  *  -  i 
u 


where: 


u(r) 

uo 

& 

a 


n 


-1 


axial  gas  velocity  at  radlua ,  r 
frM-iuua  velocity 
chaabar  radlua 

velocity  boundary  layar  thickness 
velocity  profile  exponent 


<«fl  1) 


(U)  Tha  velocity  profile  exponent  (a-1)  la  dependent  upon  Ksynolds  n unbar 
ea  shown  in  eta  following  tabulation: 


HIGH  UTKO LOS  HUKUI  FLOWS 


Kaynolda  Hunber 

itisLuLMat  3«1Q5  to  SUP*  gjqgf.taW  >im6 

Velocity  Profile 

Exponent,  n  7  .8  9  10 


(U)  The  dlapleceannt  boundary  layer  thickness,  a^.  in  an  axlayanatrlc  pipe 
la  defined  by 


I* 

J  '  (1 


nisi) 


i  dt 


(Eq  2) 
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ft 


'i  Sub.-iticutioii  of  equation  1  into  Equation  2  yields 


n  +  1  2R  (2n  +  1) 


(Eq  3) 


(U)  Similarly,  the  momentum  boundary  layer  thickness,  9.  in  axisyametrlc 
pipe  flow  is  defined  by 


9  -  J  [i  -  Jii£l  ]  {  dr 

*  u  1  u  K 

a  o  o 


(Eq  4) 


(U)  Solution  of  the  integral  using  equation  1  yields 


9  -  S 


L _  1 _ in _ 

|(n  +  1)  (n  +  2)  2*  (n  +  1)  (2n  +  1) 


(Eq  5) 


(U)  The  cumulative  chamber  wall  drag,  D,  la  taken  to  be  equal  and  opposite 
to  the  drag  upon  the  fluid  in  the  cylinder  eo  that 


D  -  /  [u^  -  u(r) ]  p  (u(r)J  2»r  dr 

o 


(Eq  6) 


ft  • 


where  p  ■  fluid  density 


(U)  Equation  6  can  be  rearranged  to 


D  -  ( 2 tt  R)  <pu*)  /  (^)  1 


.llilil  X 

u  R 

°  J 


(Eq  7) 


(ij)  But  the  Integral  in  Equation  7  is  simply  the  momentum  boundary  layer 
tlilcknaes.  Therefore,  the  following  relationship  wee  used  to  calculate  chamber 
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D  -  (2"R)  (Ou  2)  »  (Eq  8) 

o 

(U)  Equation  8  ah ova  that  tha  drag  ia  only  a  function  of  chamber  watted 
perimeter,  dynamic  pressure,  and  momentum  thickness.  Furthermore,  It  ahould 
ba  notad  that  tha  fr*e~stream  velocity,  uq>  varlaa  in  lta  relationship  to  the 
mean  velocity,  u,  with  tha  velocity  boundary  layer  thickness: 


(U)  For  the  purpOi-J  of  thla  preliminary  analysis,  ooa  additional  aiapli lying 
assumption  waa  made;  l.a. ,  that  tha  velocity  boundary  layer  grows  at  tha  same 
rata  u  for  tha  velocity  profile  with  the  one-eeventh  power  law  (validity 
of  thla  assumption  requires  further  evaluation) . 

4(k)  -  0.37  a  »t  ”°‘2  (Eq  9) 


» 


vs; 


<D 


where: 


R  « 

x  U 

u  ■  viscosity 


and 
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pu 


wt/»r2 


» 


Page  292 

UNCLASSIFIED 

» 


•  • 


•  • 


n  . 


» 


7  c>  r 


(L1)  Equation  9  was  therefore  rearranged  in  the  form 


0.37 


r-0.6  x  0.8 


(Eq  10) 


(U)  The  velocity  boundary  layer  chickneac  calculated  by  Equation  10  was 
than  substituted  into  Equation  S  to  determine  the  momentum  thickness  for 
Equation  8.  The  boundary  layer  was  assumed  to  start  (x  ■  0)  at  the  Injector 
face. 


(U)  Evaluation  of  the  cheaber  jas-f low  conditions  for  the  982  H^O^/ 
Alumixine-43  ays tea  indicated  a  Reynolds  number  range  corresponding  to  a  one- 
tenth  power-law  (n  -  10)  velocity  profile. 

(U)  Frictional  drag  in  the  convergent  portion  of  the  nossle  was  evaluated 
by  dividing  the  convergent  portion  into  five  conical  frustums.  A  mean 
disaster  was  selected  for  each  frustum  and  treated  as  a  cylindrical  section. 
Mean  gas  densities  and  gas  velocities  were  selected  that  corresponded  to  the 
mean  contraction  ratio  of  each  section.  Incremental  drag  due  to  each  segment 
was  then  calculated  in  each  convergent  zone  by  determining  a  pseudo  starting 
length  so  that  the  ratio  of  relative  velocity  boundary  layer  thickness  to 
cylindrical  radius  at  the  start  of  th*.  convergent  zone  was  equal  to  the  ratio 
at  the  trailing  edge  f  the  segment  located  imsMdiately  upstream.  The  pseudo 
drag  waa  calculated  at  the  leading  edge  and  subtracted  from  the  drag  at  the 
trailing  edge  to  determine  the  drag  increment  of  eech  convergent  zone.  The 
total  chamber  friction  Xoaa  waa  calculated  by  summing  the  dreg  increments  of 
all  segments  from  the  Injector  face  to  the  nosale  throat  end  dividing  the 
cumulative  dreg  force  by  the  total  propellant  flew  rate  to  determine  specific- 
impulse  loss. 

(U)  Although  incompressible-flow  equation*  were  usod,  the  error  is  not 
expected  to  be  significant  if  the  denaitles  in  each  of  the  convergent  segments 
•ire  adjusted. 
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n  MitMCT  The  out j or  objective  of  Chit  program  vae  tha  definition  of 
problem*  associated  with  the  uee  of  98X  hydrogen  peroxide  (Il202)  end 
Alumlzine-43  In  e  ataged-combuntlon  rocket  engine  eyatete.  In  the 
pooled  veralon  of  the  engine  conceived,  all  of  th*  H202  le  ueed  to 
regeneratlvely  cool  a  eecondary  combuator  (In  which  Alumizine-43  la 
burned)  before  the  H2O2  paaaae  through  the  prebumer  catalyat  pack  and 
tha  turbine.  Condition*  aaaoclated  with  operating  thla  engine  cycle 
that  require  lnveetlgatlon  are  (1)  th*  ability  of  H202  to  cool  th* 
•econdary  combuator,  (2)  Integrity  of  the  catalyat  (activity,  dura¬ 
bility;  ar  higher  temperature ,  (3)  heat-transfer  characterlatlca  of  98X| 
peroxide  and  (4)  th*  effect  that  thermal  decomposition  of  H202  vapor 
may  have  on  the  engine  design.  The  program  waa  dlvidad  Into  two 
phaaea.  Phase  I  (of  elx  month*  duration)  conslatad  of  daslgn  and 
analysis,  987.  H202  experimental  technology,  and  critical  hardware 
procurement  tor  Phase  II.  This  phase  of  the  contract  wee  conducted 
from  June  to  December  1965.  The  reeults  of  Phase  I  Indicated  that  981 
MtOi  would  be  a  satlefactory  coolant  and  oxidizer  for  an  Alumlzine- 
tueled  engine. 
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Phase  II  was  Initiated  immediate}. y  following  the  conclusion  of 
Phase  I  nnd  conelated  of  a  serial  of  20,000-lhf  prebumer  and  ataged- 
conbustion  evaluation  teats.  The  Phase  II  tachnlcal  achievenanta 
Included  the  completion  of  a  experimental  heat -‘transfer  program, 

a  prsburner  test  program,  and  a  atagad-combustion  test  prog. ja.  Sat¬ 
isfactory  operation  of  a  981  H2O2  preburner  vsa  demonstrated  at 
throughputs  from  48  to  108.2  palm  for  two  catalyst  configurations. 

Staged  combustloa  at  3000  pals  with  9SZ  HjOj/Altnlslae-AS  was  damon- 
atratad  satisfactorily  with  two  secondary  lnjactor  concapta.  Heat- 
tranafar  data  on  critical  areas  of  the  chamber  and  throat  wara  obtained. 
The  experimental  performance  of  tha  propellant  combination  wae  dater- 
mined  over  «  ranga  of  mixture  ratio*  with  two  different  L*  chambers. 

The  performance  uf  90X  HjOj/Alumlslne—  wae  determined  and  compared  to 
the  9BZ  H202/Alu»l*lne-43  propellent  combination. 
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